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ABSTRACT

Hydrogels are macromolecular networks that swell, but do not dissolve, in water at
physiological temperature, pH, and ionic strength. The ability of hydrogels to absorb
water arises from hydrophilic functional groups attached to the polymeric backbone,
while their resistance to dissolution arises from cross-links between network chains.
Interpenetrating polymer networks (IPNs) are cross-linked polymer networks in which
at least one network is synthesized and/or cross-linked in the presence of the other.
They have been the subject of extensive study since their advance in the 1960. Despite
being one of the most promising types of material for biomedical applications, their low
mechanical strength is a significant disadvantage for their use in different applications
which required high mechanical properties.
Double network (DN) hydrogels are a new class of IPNs that exhibits remarkable
strength and toughness. The mechanism of the toughening of DN hydrogels is not
clearly understood. Also one the challenges in the preparation of DN hydrogels is the
highly sensitivity of their polymerization process in the presence of oxygen.
The first part of this thesis is the study of the contribution of hydrogen bonding to the
mechanical properties of a range of DN hydrogels by varying its strength. The hydrogen
bonding interaction was varied by using urea to disrupt its formation or by controlling
the ionization degree of polyacid groups though variation of the pH of the swelling
media. Uniaxial tensile and tearing tests, as well as swelling measurements, were used
to study the mechanical strength of the different DN hydrogels before and after applying
the variations. Also the characterisation tests, including techniques such as light
transmission, particle size and rheology measurements, were conducted on mixed
polymer aqueous solutions of the uncross-linked polymers based on the different DN
gels. The characterisation tests were carried out to confirm the effect of urea and pH
variation on the existence of hydrogen bonding in each system.
The mechanical test results showed a positive effect of hydrogen bonding on the
enhancement of the mechanical properties of DN hydrogels. In particular, the effects of
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two types of hydrogen bonding, in the form of inter- or intrapolymer hydrogen bonds,
were studied. The results indicated that interpolymer hydrogen bonding had a direct
effect on the strength and toughness of DN gels. Also, intrapolymer hydrogen bonding
within the second network had a similar positive effect on their mechanical properties.
Intrapolymer hydrogen bonding contributed significantly to the toughness of the DN
hydrogels. The results suggested that the extent of hydrogen bonds had a larger effect
on the toughness of the DN gels than the strength of individual hydrogen bonds or their
original type.
The second part of this thesis is a study of using the thiol-ene polymerization method to
eliminate the sensitivity of the second network polymerization to the presence of
oxygen. The second network of DN gels was successfully prepared in the presence of
poly(acrylic acid) (PAAc) and poly(1-vinyl-2-pyrrolidinone) (PNVP) by polymerization
of thiol-vinyl ether and thiol-acrylate systems. It was found that the polar aprotic
solvents were the most appropriate solvents and the polymerization did not proceed
with the monomer concentration of less than 20 wt%. The best pH range for thiol-ene
polymerization was between pH 5.4 and 7.5. The complete conversion of thiol
functional groups was important in order to achieve DN gels with high mechanical
properties. The mass loss profile for most of the thiol-ene DN gels was less than 1 % for
30 days storage. The evaluation of this technique showed that it was not as effective to
produce strong materials as traditional free radical polymerization, which has mainly
been used to prepare DN gels.
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CHAPTER ONE
1 INTRODUCTION

1. 1 General introduction
Polymeric materials have developed significantly over the past few decades. Polymers
have high value applications in technology and day-to-day life. Hydrogels are a specific
class of polymers that absorb water, but are insoluble in water at physiological
temperature, pH, and ionic strength because of the presence of a three-dimensional
network [1].
The area of hydrogel research has expanded dramatically in the last decade, primarily
because hydrogels perform well in biomedical applications [2, 3]. Hydrogels work well
in the body because they mimic the natural structure of the body‟s cellular makeup.
They are also widely used in non-biomedical applications due to their unique structure
and properties [4].
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Synthetic hydrogels are a specific class of polymers with three-dimensional network
structures possessing a unique capability as a non-soluble, highly swollen material.
Their body compatibility and high potential as smart materials make them attractive
candidates for biomedical applications. Despite their high potential as smart materials,
their low mechanical strength is a significant disadvantage for some applications. The
lack of mechanical strength prevents the gels being used as a substitute for damaged
natural tissues or mechanical devices. For instance, hydrogels are attractive candidates
for artificial replacements of damaged cartilages because of their low surface friction
and biocompatibility [5].
Different approaches have been taken to improve the mechanical properties of the
Hydrogels [6-8]. A recently described class of interpenetrating polymer networks
(IPNs) has been shown to have a dramatic improvement in the mechanical properties
[9]. Recent findings by Gong et. al. [10, 11] have described a novel method to obtain
hydrogels with extremely high mechanical strength and toughness which are known as
double network (DN) hydrogels. The DN gel is a highly molecular mass loose polymer
network which is polymerized in the presence of a swollen tight polyelectrolyte network
via a two-step network formation.
The most extensively studied DN system by this group consist of poly(2-acrylamide-2methyl-propanesulfonic acid) (PAMPs) as a tightly cross-linked first network, and
polyacrylamide (AAm) as a loosely cross-linked second network which is polymerized
in the presence of the first network. The DN hydrogel has shown excellent mechanical
performance despite the high water content (70-90 %). Although several experimental
and theoretical studies have been carried out to obtain an understanding of the
remarkable enhancement of the mechanical properties of DN gels, still it is not fully
understood [10, 12-16]. In some of the recent work, it has been suggested that the
presence of hydrogen bonding in the network structure contributes to the high
mechanical properties of DN hydrogel [17, 18].
Frank and co-workers have developed and explored a double network hydrogel system
in which interpolymer hydrogen bonding is believed to be an important factor in the
mechanically enhanced IPNs [19, 20]. In their DN gel, the first network is composed of
telechelic poly(ethylene glycol)-diacrylate (PEG-DA) macromonomers with a defined
2
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molecular weight. The second network is, a loosely cross-linked, ionizable network of
poly(acrylic acid) (PAAc). The strain hardening of PEG-PAAc IPNs is derived from
physical entanglements between the PEG and PAAc networks but it can be intensified
under conditions which promote hydrogen bonding between these two networks. The
entanglements between two networks are reinforced by interpolymer complexes via
hydrogen bonding between PEG and PAAc and leading to an increase in the fracture
strength of the IPN.
One of the challenges in the preparation of DN gels with enhanced mechanical
properties is the high sensitivity of their polymerization process to the presence of
oxygen. The DN gels mainly are prepared by free radical polymerization which shows
such sensitivity. The DN gels even showed a different capability when the second
network polymerized in the absence of oxygen and less initiator to produce longer
polymer chains [21].

1. 2 Aim of investigation
This thesis will focus on two aims: (1) To develop an understanding of the potential
contribution of hydrogen bonding to the enhancement of the mechanical properties of
the DN hydrogels and (2) To propose a different method for the preparation of DN gels
to eliminate the effect of oxygen on the gel polymerization.

1. 3 Methods
Based on preliminary tests it was found that it is hard and almost unachievable to try
and determine the extent of hydrogen bonding in the DN gels while keeping the
structure of the gels in the swollen form. In order to achieve the aims of this project, the
relationship between the mechanical properties of the DN gels and the interaction within
the DN gels via hydrogen bonding were investigated in two groups of the DN gels
which were prepared based on the Gong‟s and co-worker method. The first group of DN
gels was specifically developed as a reference group with known hydrogen bonding
interaction in their structure while the second group of DN gels did not have clear
3
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evidence of the presence of hydrogen bonding in their structure. The second group of
DN gels consisted of the well studied PAMPs:PAAm DN gel and two more similar DN
gels. The results of the first and second group of DN gels were compared using the first
as a reference group. The mechanical and swelling tests on the DN gels and
characterization tests on the mixed polymer solutions of the uncross-linked polymers in
each system were adopted to study the effects of hydrogen bonding interaction on the
mechanical properties of the DN gels. Further, the proposed effect of hydrogen bonding
on the mechanical properties of DN gels was evaluated by modifying the first group of
DN gels.
For the second aim of this thesis a new polymerization approach for the preparation of
the DN gels was proposed and evaluated.

1. 4 Survey of thesis
Chapter 2 surveys the scientific literature on hydrogel structure and the newly
developed classes of hydrogels with enhanced mechanical properties. In addition
different polymerization methods were examined to see which may be successful as an
appropriate replacement method, with less sensitivity to the presence of oxygen, for the
polymerization of DN gels. Advantages and disadvantages of different approaches were
studied and the appropriate one was chosen for polymerization of the second network in
DN gels.
Chapter 3 and 4 focus on the first aim of this thesis which is to investigate relationships
between the mechanical properties and polymer interactions via hydrogen bonding
within the DN hydrogels. The hydrogen bonding interactions within the DN hydrogels
were varied by using urea as a hydrogen bond disrupter, as shown in chapter 3. The
variation was also carried out by controlling the ionization degree of polyacid groups in
the DN gels by varying the pH of the media in the appropriate range as explained in
chapter 4.
In Chapter 5, the understanding, which was gained from chapter 3 and 4, was used to
modify and develop the DN hydrogels with the enhanced mechanical properties.
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Chapter 6 focuses on the second aim of this thesis and studies a thiol-ene reaction as a
possible replacement method for the free radical polymerization used to polymerize the
second polymer network in DN gels. The success of this approach in comparison with
free radical polymerization, as a common approach, was evaluated at the end of this
chapter.
The conclusion on the effect of hydrogen bonding interaction within the DN gels on
their mechanical properties and the remarkable findings on the different DN gels are
mentioned in chapter 7. This chapter also describes the possibility of applying thiol-ene
reaction instead of the free radical polymerization reaction for preparation of the DN
gels.
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CHAPTER TWO
2 LITERATURE SURVEY

2. 1 Hydrogel structure
A hydrogel consists of a three-dimensional hydrophilic polymer network in which a
large amount of water is trapped. Hydrogel networks absorb water, but do not dissolve
in water at physiological temperature, pH, and ionic strength. The ability of hydrogels
to absorb water arises from hydrophilic functional groups attached to the polymeric
backbone, such as hydroxyl, carboxyl, amide, and sulfonic groups, while their
resistance to dissolution arises from cross-links between network chains. The crosslinks can be formed by covalent bonds, electrostatic, hydrophobic, or dipole-dipole
interactions. Most researchers generally agree that if a material absorbs at least 10 %
water and is insoluble in water, it can be classified as a hydrogel, but normally the water
content is more than 50 % of the total weight when the term „gel‟ is used [1]. Many
materials, both naturally occurring and synthetic, fit the definition of a hydrogel [1].
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2.1.1 Hydrogel properties
Hydrogels have become intriguing due to their unique structure and properties.
Hydrogels are solid on the macroscopic scale; they have defined shapes and do not
flow. At the same time, they behave like a solution on the molecular scale: watersoluble molecules can diffuse into hydrogels with various diffusion constants reflecting
their differing size and shape [2]. The ability of hydrogels to absorb and retain aqueous
media, up to several thousand times their original weight, and their biocompatibility
give them unique properties in a wide range of applications in both biomedical and nonbiomedical fields [3-5]. Elasticity, stimuli-sensitivity capacity and permeability are also
important properties of hydrogels. These properties can be determined by chemical and
structural parameters of hydrogels, such as their composition, mesh size of the network
and heterogeneity. Therefore the applications of hydrogels can be determined by
manipulating these parameters.
A wide range of medical, pharmaceutical, and prosthetic applications have been
proposed for hydrogels. Recently hydrogels have become especially attractive due to the
new applications such as soft and wet machines [6], lubricating material [7], and cell
scaffolds in tissue engineering [8]. Despite their potential as smart materials, the low
mechanical strength is a significant disadvantage from a practical standpoint.
Unfortunately, most of the hydrogels made from either natural or synthetic sources
suffered from lack of mechanical strength, which prevent the gels use as substitutes of
natural tissue or as mechanical devices. For instance, if hydrogels are functionalized
with free dangling polymer chains on their surface [9], these gels exhibit low surface
friction and hence serve as candidates for artificial replacements of damaged cartilage.
The fracture energy of typical hydrogels is in the range 10-1-100 J.m-2 which is
significantly smaller than the fracture energy of common rubber [10, 11]. Many
researchers have thought that poor mechanical properties for hydrogels are unavoidable
because of their solution-like nature. This means the low density of polymer chains and
minimal friction between the chains because of the presence of large amounts of water
in the hydrogel network. Also, inhomogeneity is formed during the syntheses of the
hydrogel from the monomer solution [12], which has been considered as an additional
factor in decreasing the mechanical properties.
10
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2.1.2 New classes of hydrogels
Gel scientists have strived to establish a useful method to create tough gels. In nature
there are examples of biological hydrogels with excellent mechanical properties. For
example, cartilage demonstrates a high mechanical strength. It is a challenge for modern
gel science to find the man-made gels with good mechanical properties which can
compete with biological gels. In recent years, several great achievements have been
made, including three new classes of hydrogels with good mechanical performance have
been prepared.
2.1.2.1 Topological gel (TP)
Okumura and Ito [13] use the topological characteristic of supramolecules to prepare a
topological gel. The TP gels have figure-of-eight cross-link that can slide along the
polymer chain (Figure 2.1 a). A typical example of this group of supramolecules is
polyrotaxane which contains many cyclic molecules along the single polymer chain and
are trapped by capping the chain with bulky end groups [14, 15]. Polyrotaxane with
α-cyclodextrin (α-CD) and poly(ethylene glycol) (PEG) are known structures [16, 17].
Okumura and Ito [13] reported a new kind of gel that was synthesized from a
polyrotaxane molecule consisting of poly(ethylene glycol) (PEG) with a large molecular
weight as the main chain and α-cyclodextrin (α-CD) circles threaded on the PEG chains.
Large end groups on the PEG chains were used to trap the α-CD circles (Figure 2.1 b).
In the next step cyanuric chloride was used to chemically cross-link the α-CD in an
aqueous solution of polyrotaxane gel (Figure 2.1 c).
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Figure 2.1 (a) Schematic diagram of a topological gel. The figure-of-eight structures are the crosslinkers that can slide along the polymer chain. (b) A polyrotaxane chain used in synthesizing the
rotaxane gel. The backbone is a PEG chain and circles are α-cyclodextrin (α-CD). The bulky end
group of the PEG backbone trap the α-CD circle. (c) The chemical cross-linking in the
polyrotaxane gel [13].

The resultant gel is transparent with low viscosity. TP gel is a superabsorbent and can
absorb water up to 400 times its dry weight. It is also flexible and can be elongated up
to 20 times its original length. In TP gel, the polymer chains with bulky end groups are
topologically interlocked by figure-of-eight cross-links. The sliding motion of these
cross-links along the chain make the TP gels distinct from chemical gels, which are
covalently cross-linked, or physical gels with physical attractive forces (e.g. chargecharge interaction). Figure 2.2 schematically shows a comparison of the conceptual
model between a chemical gel and a topological gel on tensile deformation. In the
chemical gel, the polymer chains are broken gradually by distribution of the tension
12
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among the polymer chains because of the heterogeneous polymer length between fixed
cross-links (Figure 2.2 a). In topological gel, however, the figure-of-eight cross-links
can slide along the polymer chains freely to equalize the tension of the threaded
polymer chain (Figure 2.2 b).

Figure 2.2 Comparison of conceptual models between the chemical gel and the TP gel under tensile
deformation. (a) In the chemical gel, the short chains are broken gradually under tension because
the heterogeneous distribution of cross-links localized the stress of deformation. (b) In the TP gel,
the polymer chain can pass through the figure-of-eight cross-links and this motion equalizes the
tension along the chains and delocalizes the stress [13].

Okumura and Ito called this equalization of tension the „pulley effect‟. Through the
„pulley effect‟ the mechanical properties of TP gel increase and the gel can stretch to
approximately 20 times its original length without fracture.
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2.1.2.2 Nanocomposite gel (NC)
Haraguchi and Takehisa [18] synthesized a nanocomposite (NC) gel with
homogeneously dispersed clay sheets as a cross-linker. The schematic illustration of the
structural model for the NC gel is shown in Figure 2.3. In the NC gel, inorganic clay is
exfoliated and uniformly dispersed in an aqueous media. The neighbouring clay sheets
are then connected by polymer chain χ. In the NC gels, the clay sheets act as
multifunctional cross-linking agents for the polymer. The inter-crosslinking distance
(Dic) is equivalent to the neighbouring clay-clay interparticle distance (Figure 2.3).

Figure 2.3 Schematic representation of the organic/inorganic network in the NC gel [19].

The NC gel is prepared through the organic (polymer) and inorganic (clay) network.
Haraguchi

et

al.

synthesized

their

NC

gel

through

a

combination

of

N-isopropylacrylamide (NIPA) for the polymer chain, a hectrorite [Mg5.34Li0.66Si8O20
(OH)4]Na0.66 as the inorganic clay and potassium peroxodisulfate (KPS) as an initiator
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for in situ free radical polymerization [18]. It is important to note that by mixing the
NIPA (monomer) with inorganic clay the resulting hydrogel is not NC gel. Rather a
radical initiator must be used that can be ionically absorbed on the clay surface in order
for the polymer chains to be effectively cross-linked by clay sheets.
As shown in Figure 2.4 the resultant NC gels were highly stretchable. Typical NC gels
can be elastically stretched to about 10 times their original length (Figure 2.4). NC gels
can be tailored widely by varying the gel composition. For example, the characteristic
of the NC gel is changed by altering the clay concentration as a cross-linker [19].

Figure 2.4 Extraordinary mechanical toughness in the NC gel [19].

2.1.2.3 Macromolecular Microsphere Composite Hydrogel (MMC)
Huang et. al. [20] reported a new way of synthesizing the well-defined bulk hydrogel
network structure with the macromolecular microspheres microgels. Macromolecular
microspheres (MMS) are one of the important structures in polymeric materials with the
application in the biomedical and drug delivery fields [21]. However, the difficulty
arises when preparing a bulk hydrogel from MMS with a high mechanical strength
[22, 23].
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Huang et. al. [20] believed that the reason behind the high mechanical strength for
nanocomposite hydrogel (NC) is the lack of short chains between the cross-linking
agents in this system. Also, the nanoparticle clay in the NC gel act as a highly
multifunctional cross-link agent, the stretching of active chains between these highly
functional rigid cross-link points give a high mechanical strength to this hydrogel
[18, 19]. The authors used this understanding to synthesize a new network structure
from the MMS, which acts as an initiator and cross-linking agent simultaneously.
The proposed mechanism to form the MMC hydrogel and the microstructure of the
MMC hydrogel are shown in Figure 2.5. Initially the MMS emulsion was irradiated
with 60Co γ-rays in oxygen. In these conditions peroxides are formed on the surface and
the possibility of partial formation in the inner part of the MMS. The peroxides
decomposed under increased temperatures and formed free radical initiation points on
the MMS surface. In the presence of aqueous monomer solution (AAc monomer) and
nitrogen the grafting polymerization was initiated and grafted chains were grown to join
two vicinal MMSs. The formation of network structure was confirmed by the fact that
the MMC hydrogels can not be dissolved in a large excess of water.

Figure 2.5 Proposed mechanism for the formation of an MMC hydrogel and an MMC hydrogel
microstructure [20].
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In this hydrogel system, in addition to the covalently joined MMSs, the grafted polymer
chains can get entangled. Even though an entanglement is not likely to cause a
significant strength in MMC gels but the presence of inter or/and intrapolymer
hydrogen bonding between the polymer chains which, in this case, is PAAc can enhance
the dissipation involved in pulling out the entanglement.
The concentration of MMS, irradiation time of MMS, monomer concentration and
reaction temperature were critical variations for the successful synthesis of the MMC
hydrogels. The mechanical properties of MMC gels under different synthesis conditions
were compared with the hydrogels which were synthesized through the free radical
polymerization. The free radical polymerization was achieved by using traditional
cross-linking and initiator (NS hydrogels) instead of peroxidised MMS. The mechanical
test results showed that the NS gels fractured under a low deformation. However, the
MMC gels could sustain a much higher stress and strain. The mechanical strength of the
hydrogel has been improved, usually an increase of several tens to several hundred
times that of NS hydrogels. The NS hydrogels broke at a stress of 0.08 MPa and a stain
of 45.5 %, whereas the MMC hydrogel showed the highest stress at 10.2 MPa and a
strain of 97.9 % without a fraction. Also, the MMC gels could almost completely
recover their original shapes after the compression. The effect of water content, the
cross-linking density and the inter-cross linking distance in the MMC hydrogels on their
mechanical properties was systematically studied.
2.1.2.4 Double Network gel (DN)
Gong et. al. [24] reported a general method for obtaining very strong hydrogel by
inducing a double-network (DN) structure for various combinations of hydrophilic
polymers. These DN hydrogels contain 60-90 % water, exhibit fracture strength as high
as a few to several tens of mega Pascals and show high wear resistance due to their
extremely low coefficient of friction [24].
A DN gel is synthesized via a two-step network formation; the first step forms a highly
cross-linked rigid gel, and the second forms a lightly cross-linked network (or uncrosslinked) in the presence of the first gel network [2]. It is well known that the outstanding
mechanical properties in the fields of biomechanics come from inhomogeneity. For
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Chapter 2 – Literature survey

example, the bones of animals are porous, and the porosity prevents the propagation of
cracks by suppressing the stress concentration. Also recent studies have reported that
many natural composites have the structure of stiff particles, often on the scale of
micrometers to nanometres, embodied in the flexible matrix of soft component [25-27].
The DN gel is composed of a combination of a stiff and a brittle first network; a soft
and ductile second network can be analogous to natural composites. In a DN hydrogel
inhomogeneity serves to improve mechanical properties.
Gong and co-workers emphasized that the molar ratio and the cross-link density of the
two polymers were two crucial parameters in improving the resistance against stress. An
optimal combination was a poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPs)
gel as the first network and a poly(acrylamide) (PAAm) gel as the second network. It
was found that a dramatic enhancement in the mechanical strength of the gel was
obtained when the molar ratio of the second network to the first network was in the
range of several to a few tens [24]. Also, a notable improvement in mechanical
performance occurred when the first network was highly cross-linked and the second
one was loosely cross-linked. The highest fracture strength and strain were observed
when the second network had cross-linking density of 0-0.1 mol%. DN gel consisting of
PAMPs:PAAm showed a fracture stress 16.8 times higher than that of the PAMPs
single network gel [24]. Figure 2.6 demonstrates how the DN gel sustained a high
compression while the PAMPS single network gel broke down easily [2].
Later, Myung et al. [28, 29] at Stanford University developed and explored a double
network system that is the “inverse” of that prepared by Gong and co-workers. In their
system the first network is a neutral crosslinked polymer and the second network is an
ionized crosslinked polymer. Specifically, the first network is composed of
poly(ethylene

glycol)

(PEG)

or

poly(ethylene

glycol)-diacrylate

(PEG-DA)

macromonomers with defined molecular weight. The second network is a low
crosslinked ionized network of poly(acrylic acid) (PAAc). PEG/PEG-DA and PAAc is a
relatively fragile material but an interpenetrating network (IPN) of PEG/PEG-DA and
PAAc are able to achieve values for Young‟s moduli that go above an order of
magnitude higher than other IPNs and double networks reported in literature [29]. The
results indicate that the two polymers form complexes through hydrogen bonding
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between the ether group on PEG-DA and the carboxyl group on PAAc [30] as well as
physical entanglements. This interpolymer hydrogen bonding enhances their mutual
miscibility in aqueous solution, which yields an optically clear polymer blend and is a
possible source of cooperative strength enhancements.

Figure 2.6 Photograph demonstrating how a DN gel sustains a high compression.(a) PAMPs-1-4 SN
gel, (b) PAMPs-1-4:PAAm-2-0.1 DN gel. Fracture stress: PAMPs SN gel, 0.4 MPa, PAMPs:PAAm
DN gel, 17.2 MPa [2].

2.1.3 Double network properties
This project focuses on the preparation of novel Double Network (DN) hydrogels with
excellent mechanical properties. Table 2.1 shows some examples of DN hydrogel
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structures for various combinations of hydrophilic polymers. These DN hydrogels,
containing 60-90 % water, exhibit fracture strengths as high as a few to several tens of
mega Pascals and show high wear resistance due to their extremely low coefficient of
fraction. DN gels consisting of poly(2-acrylamido-2-methylpropanesulfonic acid)
(PAMPs) gel as first network and a poly(acrylamide) (PAAm) as a second network
show a fracture stress 16.8 times higher than that of the PAMPs single network.

Table 2.1 Compressive properties at room temperature [24].

[a] P-x-y: P, x, and y denote the abbreviated polymer name, molar monomer concentration, and the
cross linker concentration in mol% with respect to the monomer, respectively. [b] Stretching
properties. [c] Physically crosslinked gel prepared from 2 wt.-% solution. [d] Relative to gelation
SN gel.
Abbreviations: poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS), poly(acrylic acid)
(PAA), poly(acrylamide) (PAAm), 2,2,2-trifluoroethyl acrylate (TFEA), poly(2-hydroxyethyl
methacrylate) (HEMA) and poly(N,N'-dimethyl acrylamide) (PDMAAm).
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Previous research has shown that dramatic enhancements in the mechanical strength of
PAMPs:PAAm DN hydrogel could be obtained under the following situations:
1. Where the first network is highly charged and the second network is uncharged
[24].
2. When the molar ratio of the second network to the first network is in the range
of several to a few tens [24].
3. The cross-link densities of the two polymer networks are critical for obtaining
mechanical strength. Greater improvement in the mechanical properties is
obtained when the first network is highly cross-linked and the second network
consists of slightly cross-linked or even uncross-linked polymers (Figure 2.7)
[31].
4. The molecular weight of the second linear polymer (Mw) is a prior parameter
related to the mechanical strength of DN gels. When M w is lower than 106, DN
gels are as fragile as PAMPs single network gel (Figure 2.8) [32].
5. A low level of cross-linking either in the second network or between two
networks is necessary to get a DN gel with high strength [33].

Figure 2.7 Effect of the cross-linking density of the second network on fracture stress [31].
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Figure 2.8 The relationship between the average molecular weight of PAAm (M w) and the
compressive fracture stress (●) and fracture energy (○) of the DN gels [32].

The remarkable enhancement of DN gels can not be explained in terms of existing
theories. Dynamic light scattering (DLS) analysis on PAMPs:PAAm DN gels (Figure
2.9) revealed that the presence of a slow mode besides the „gel mode‟ (fast mode)
correlated with the enhancement of the strength of DN gels at the low cross-linking
density second network.
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Figure 2.9 Distribution of relaxation time Г-1 obtain from DLS [2].

The dependence of the area ratio of the slow mode to the „gel mode‟ on the crosslinking density was very similar to that of the mechanical strength. This suggested that
increased mechanical properties of the DN gels correlated with the slow mode.
Accordingly, Gong et al. proposed a structural model for PAMPs:PAAm DN gels with
a rigid inhomogeneous first network of PAMPs (first compound), and large „voids‟ due
to the specific radical polymerization mechanism (Figure 2.10). When PAAm was
polymerized in the PAPMs network, some of them would interpenetrate the first
structure and others would fill the large „void‟ of PAMPs network. PAAm would then
become entangled with the PAMPs network [31].
In general, the three factors relevant for the fracture energy (Gc) of solids are:
(a) microscopic irreversible processes in the vicinity of the crack tips, such as the
cutting of chemical bonds, (b) dissipation process on semi macro or macroscopic scales
around the crack tips such as plastic deformations, and (c) the heterogeneous structure
of semi macro or macro scale can affect the fracture energy [32]. For soft polymeric
systems, the mechanisms corresponding to a, b, and c have been explained by
Lake-Thomas [34], de Gennes [35], and Okumur [36], respectively. Tanaka et. al. [32]
compared the value of the fracture energy (Gc) of the DN gels with the prediction of
these theories. Based on the DN structure which is shown in Figure 2.10, they
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considered a possible mechanism for the large value of fracture energy (Gc) to be the
reduction of stress concentration due to the heterogeneity of the DN gels. Consequently,
they consider that the existing „void‟ and „entanglement‟ can play two major roles at the
crack tip; the first by the large curvature in preventing stress concentration, and the
second in energy dispersion or resistance of fracture energy. Thus, both of these effects
contribute to the reduction of stress around the leading edge of the crack, inhibiting
crack propagation and preventing the crack growing at a macroscopic level.

Figure 2.10 Inhomogeneous structure of DN hydrogels. The first network PAMPs has a mesh size ξ
of several nanometers with large ‘voids’ ξ

void

>> ξ of size. The second component PAAm chain are

in a concentrated region, and both are entangled with each other and with the PAMPs network
[32].

Recently, Brown [37] and Tanaka [38] have independently proposed similar
phenomenological models to explain high fracture energy of DN gels.
Brown [37] has proposed a model to explain the failure process in the DN hydrogel.
The model is based on the Lake-Thomas [34] concept of the amount of energy
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dissipation on the failure of a polymer strand. The model emphasizes the importance of
the particular double microstructure, a tight first network and loose second network. It is
proposed that after forming the crack within the first network, a large enhancement of
the number of strands will occur in the second network so the sample remains
continuous.
The crack propagation occurs in two steps. Initially, the damaged zone is formed near
the main crack tip by creating many cracks in first network with a high cross-link
density. Within this zone there are numerous cracks in the first network but the loose
second networks stopped the failure by holding the crack together. When the external
stresses increase above the defined stress, then multiple cracks, which are formed in the
first network, extend the damaged zone. Finally, the second network is involved in
crack propagation by forming a yield strip around a crack. This region of material is
elastic with low modulus. The available energy to break the strands and propagate the
crack is elastic energy; therefore the damage zone grows in thickness until the available
energy is equal to the toughness of the second network.
Brown [37] calculated the amount of external stress required to grow the crack within
the first network and the minimum width of the yield zone required to store enough
elastic energy to propagate a crack in the second network. This model proposed a
reasonable number for the gel toughness.
Tanaka [38] proposed a similar model to estimate the effect of the local damage on the
observed fracture energy. The model suggested the softened zone ahead of the crack tip;
the strongly stretched region formed through yielding the gel. The crack tip, then,
passes through the softened zone. Tanaka suggested an equation to calculate the size of
the softened zone (h). He also explored the relation between h and the effective fracture
energy (Gc) which is defined as the total dissipated energy to create a united area of the
fracture surface.
In conclusion, the high mechanical strength of the DN gel is supposedly caused by the
local yielding of the DN gel to become a soft material and the energy dissipation by the
yielding enhances the effective fracture energy (Gc).
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Recently the existence of the damaged region has been verified by observation. Using
AFM measurement, a softened region was detected just below the fracture surface [39].
This observation supported the assumption of a localized damage zone accumulation.
The localized damage zone around the crack of the DN gel was also observed by a
3-dimentional violet laser scanning microscope [40]. The thickness of this damage zone
(h) was in the order of several 100 μm, which was consistent with the predictions of the
Brown and Tanaka models.
Furthermore, yielding phenomenon was observed in some tough DN gels [40, 41]. The
necking gels were produced by adjusting the cross-linker density of the first network or
by adopting γ-irradiation as a cross-link method. The authors suggested that the necking
deformation can be attributed to the fragmentation of the first network.

2.1.4 Overview
Initial studies on double network gels have shown that there are considerable
opportunities to produce strong and tough hydrogels. The discovery of hydrogels with
high strength and toughness should enable hydrogels to find a wide range of application
and potential applications in biomedical and non-biomedical areas. Hence, the DN
hydrogel was chosen for further study from among the various approaches in order to
prepare a hydrogel network with enhanced mechanical properties.
Developing some understanding about the toughening mechanism in DN hydrogels is
the primary aim of this thesis. Some of the challenges in the synthesis of DN hydrogels
are oxygen sensitivity and a relatively long preparation process which makes them
unsuitable for commercial purposes. The second part of the literature review is focused
on a possible approach to prepare the DN hydrogels with less sensitivity to the presence
of oxygen during the gel preparation.

26

Chapter 2 – Literature survey

2. 2 Study the possibility of a new approach to prepare the double
network (DN) hydrogel with acceptable mechanical properties
This part the literature review is focused on the synthesis of water-soluble monomers as
opposed to the different kinds of monomers which can be used by the following
methods. The purpose of this study was to prepare a gel system with high mechanical
properties which can be used as a suitable replacement for the soft damaged tissue in a
body.

2.2.1 Click Chemistry
In 2001, Kolb, Finn and Sharpless [42] published a review describing a new style of
organic chemistry, or, as the authors stated, the “reinvigoration of an old style of
organic synthesis”. The name click chemistry (CC) was used to address a set of
powerful, highly reliable, and selective reactions for the rapid synthesis of useful new
and systematically arranged compounds through heteroatom links (C-X-C). The idea of
making large oligomers from relatively simple building blocks came from nature‟s
chemistry methods. All proteins are created from 20 building blocks joined via
reversible heteroatom links.
Click chemistry looks for substances which can be generated by joining small units
together through heteroatom links. Indeed, the ability of polymerization reactions to
create functional species from simple building blocks was one of the original
inspirations for the click chemistry concept.
The approach in CC is based on this principle that greater diversity can be achieved
with fewer reactions. It is not the number of reactions that is important, but the tolerance
of those reactions to variations in the nature of their components. The search in CC
must, then, be restricted to molecules that are easily made. Unsaturated-hydrocarbon
based organic synthesis is in the heart of CC. The best and most energetic of these
building blocks are olefins and acetylenes. The building block can easily be combined
via addition or oxidation reaction (Scheme 2.1), which is a highly reliable and selective
process governed by kinetic control. Click chemistry has high impacts in the three most
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relevant categories: bioconjugation [43], materials science [43-45], and drug discovery
[43, 46].

Scheme 2.1 (a) Click Chemistry–energetically highly favourable linking reactions. Unsaturated
compounds provide the carbon framework. New groups are attached via carbon-heteroatom bonds
(shown in red); (b) The premier click chemistry reaction: The copper-(I)-catalysed coupling of
azides and terminal acetylenes creates 1,4-disubstituted 1,2,3-triazole linkages, which share useful
topological and electronic features with nature's ubiquitous amide connectors. However, unlike
amides, triazoles are not susceptible to cleavage [46].

Although

click

reaction

components

are

necessarily

highly

reactive,

their

chemoselectivity profiles are quite narrowly defined. That is lead to an unusually broad
range of reagents, solvents, and other functional groups.
A variety of catalytic systems have been used for CC but mostly Cu catalysts have been
used. Most methods use CuI salts directly, while other methods generate the copper (I)
species by reduction of CuII salts using either sodium ascorbate or metallic copper.
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Beside the copper catalyst, 1-5 equivalents of base are added, mechanistically for
promoting the formation of the copper (I)-acetylide.
The three most useful click reactions are, Nucleophilic Opening of Spring-Loaded Ring,
Cycloaddition Reaction, and Protecting Group Reaction [42]. These are a pure fusion
process, meaning the combined formulae of the reaction equals the formula of the
product [47]. All of the reactions in CC can be divided into two classes: those in which
protons must be shuffled about (epoxide ring opening [48, 49]), and those in which no
σ-bond connection are severed (cycloaddition reaction [50-52])
Many of the reactions that meet the CC standards often occur better in water than in
organic solvents. This is a natural outcome of one or more of the following six factors:
1. Click reactions often proceed readily in hot water to give a single product, even
when one or more of the reactants, as well as the product, appear to be insoluble
in this medium. It could be that free energies of organic molecules are
substantially greater when poorly solvated in water, and often impart increased
reactivity, which compensates for the low concentration of the participants [53].
2. Some of the CC reaction like nucleophile addition to epoxide [54] and aziridine
electrophiles are favoured by solvents best able to respond continuously to the
demanding range of hydrogen-bonding situations that arise during this process.
In this respect, water is unique. Similarly, it is the perfect milieu for reversible
carbonyl chemistry [42].
3. Two important click reactions, olefine and acetylene, are oxidated by the
electrophilic reagent and the cycloaddition reaction. These processes are either
concerted or involve polarisable nucleophiles/electrophiles, in which water is
not an interfering medium. Also, the use of water has a greater influence on
differentiation between the reactivity of nonpolarizeble and polarizable species
[42].
4. The reaction of two solutes is usually much faster than a low driving force sidereaction of one of the solutes with solvent water.
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5. Water has a high heat capacity and convenient boiling point which makes it a
superb heat sink for large scale process.
6. Most hydroxyl (O-H) and amide (N-H) groups will not interfere with click
reactions performed in water Therefore the installation and removal of the
protecting group is avoided [42].
2.2.1.1 Summary and outlook
Click chemistry is giving high yield with varying starting materials and it is relatively
easy to perform. One of the highlights in click chemistry is the insensitivity of the
reaction to the presence of the oxygen.
However, click chemistry seems more effective in the modification of the polymers
rather than the preparation [44]. The polymer chains are mostly prepared by other
control radical polymerization techniques in advance (see section 2.2.2), and later
modified by click chemistry. Also removing and recycling the cupper salt, which is one
of the most common catalysts, can be one of the challenges in this method.

2.2.2 Control/living radical polymerization
In polymer chemistry, living polymerization is a form of addition polymerization where
the ability of a growing chain to terminate has been removed. As early as 1936, Ziegler
proposed that anionic polymerization of styrene and butadiene by consecutive addition
of monomer to an alky lithium initiator occurred without chain transfer or termination.
During transferless polymerization, the number of polymer molecules remains constant.
Since there is no termination, active anion chain ends remain after all of the monomer
has been polymerized [55].
Twenty years later the name “living polymerization” was coined for the method by
Szwarc in 1956 [56] because the chain ends remain active until killed. Szwarc
demonstrated living polymerization through the anionic polymerization of styrene with
alkali metal/naphthalenide in THF using sodium as initiator. He found that after
addition of a monomer to the initiator system, the increase in viscosity would eventually
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cease but, after addition of a new amount of monomer, and after some time, the
viscosity would start to increase again.
Living polymerization has evolved in the last 50 years. The driving force for living
polymerization investigation is the desire to couple the non-demanding reaction
conditions, such as bulk or emulsion conditions associated with radical polymerization,
with the ability of using any vinyl monomer in free radical polymerization irrespective
of the presence of functional groups. Living polymerization techniques can provide two
important tools for polymer chain design, namely the synthesis of block copolymers by
sequential addition of monomers, and the synthesis of functional-ended polymer by
selective termination of living ends with appropriate reagents.
The ability of a growing polymer chain to terminate has been removed in two main
ways: the absence of chain termination and chain transfer reaction, and the much larger
rate of chain initiation compared with the rate of chain propagation.
In general, the well-behaved living systems need only an initiator and monomer, as
occurs in the anionic polymerization of styrene, dienes, and ethylene oxide. For an
increasing number of monomer, more complex processes are needed to retarded chain
transfer and termination. These systems use initiators, catalysts, and sometimes chainend stabilizers.
From the application point of view, the living polymerization technique is important as
it provides the environment for polymer chain growth at a more constant rate compared
with other polymerization techniques, and the polymer lengths remain very similar, i.e.
low polydispersity index. The monodispersed polymer or polymers with very sharp
molecular

weight

distribution

are

used

for

standards

of

Gel

Permeation

Chromatography (GPC) calibration, and for a variety of investigations where polymers
with well defined sizes are required.
The wide variety of different polymer chains and building block macromolecular
structures can be achieved by using the living polymerization which results in new
morphologies and application [57, 58]. Some of the interesting developments in the
living polymerization area in the last few years have been reviewed by Levy [58].
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Protection of the living end from termination was either by complexation or by steric
hindrance and the correct choice of reagents and solvents. The main living
polymerization techniques can be categorized by Webster [57] as anionic [59-61],
cationic [62, 63], covalent [64, 65], and free radical polymerization (see following
sections).
The interest of this research is free radical polymerization which will be described in
more detail below.
2.2.2.1 Free radical polymerization
Very late in the twentieth century several new methods were discovered which allowed
the development of Controlled/living polymerization (CRP) using free radical
chemistry. These techniques involve different approaches and can be classified in five
main areas: Catalytic chain transfer polymerization (CCTP), Iniferter mediated
polymerization, stable free radical mediated polymerization (SFRP) or Nitroxide
mediated polymerization (NMP), Atomic transfer radical polymerization (ATRP) and
Reversible addition-fragmentation chain transfer (RAFT).
2.2.2.1.1 Catalytic Chain Transfer Polymerization (CCTP)
Catalytic chain transfer polymerization (CCTP) is not strictly a living form of
polymerization but it figures significantly in the development of later forms of living
radical polymerization. Catalytic chain transfer polymerization was discovered in 1975
and first described in the Western literature in the early 1980s [66-69]. This was based
on the use of cobalt porphyrins as the Catalytic Chain transfer Polymerization agents
(CCTAs). The investigation showed that the use of cobalt (II) catalytic transfer agents is
able to reduce the molecular weight in free-radical polymerization and it is less oxygen
sensitive in comparison to previous catalysts [70-72]. The major products of catalytic
chain transfer polymerization are vinyl terminated polymer chains. The exact
mechanism of CCTP in not well-understood [73, 74] but it is believed to occur via a
Cobalt (II)/Cobalt (III) redox couple. One of the major drawbacks of the process is that
catalytic chain transfer polymerization does not produce macromonomers but instead
produces addition fragmentation agents. When a growing polymer chain reacts with the
additional fragmentation agent the radical end-group attacks the vinyl bond and forms a
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new bond. The resulting product is hindered such that the species undergoes
fragmentation. In Catalytic chain transfer polymerization, initiation, propagation and
termination are thought to occur by a free-radical process. NMR studies of the polymers
revealed that the overall chain transfer process is a hydrogen atom transfer from the
propagation radical to monomer [70]. The important steps in catalytic cycle are present
in Scheme 2.2.

Scheme 2.2 A simplified catalytic cycle for catalytic chain transfer polymerization [70].

2.2.2.1.2 Iniferter Mediated Polymerization and Nitroxide Mediated Polymerization
(NMP)
The first attempt to realize a “living”, or controlled free radical process involved the
concept of reversible termination of a growing chain by iniferters which are the
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chemicals that act as an initiator, transfer agents, and terminators in free radical reaction
[75, 76].
This approached was, however, facing some problems such as high polydispersities and
poor control over molecular weight and chain ends. Following this technique, the use of
stable nitroxide free radicals, such as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO), as
reversible termination agents to “cap” the growing polymer chain was introduced by
Moad and Rizzardo [77].
Initially most of the NMP polymerization studies used alkoxyamines derived from
TEMPO but they suffered from severe limitations since these types of mediate living
free radical procedures only offered controlled synthesis of polystyrenics in a bulk
process. Also, the rate of polymerization is slow compared to other controlled radical
polymerization techniques.
In order to overcome the limitations that were encountered with the use of such
compounds, research has focused on two major areas; the use of additives [78] and the
design of new nitroxides [79]. Much more promising results have been observed by
designing new nitroxides, which are structurally different to TEMPO [80-82]. Based on
the first set of new groups of alkoxyamines, Benoit et. al. [83] has explored a range of
alkoxyamines suitable for polymerization of a wide range of monomers. They claimed
the structures based on α-hydrogen nitroxides as the most promising candidates. Most
of the mediate living free radical products are not commercially available. Recently,
Arkema Inc. in conjunction with Professor Tordo [84, 85] developed a new family of
nitroxides. They suggested the alkoxyamines structure (Figure 2.11) BlocBuilder®,
which is a nitroxide based controlled and free-radical initiator conveniently combined in
one compound. BlocBuilder® can be used to modify polymer structures with tailored
properties. BlocBuilder®, has been available commercially from 2005.
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Figure 2.11 BlocBuilder® structure [84].

2.2.2.1.3 Atomic Transfer Radical Polymerization (ATRP)
In 1995, a new approach to free radical polymerization, named Atom Transfer Radical
Polymerization (ATRP), was independently reported by Matyjaszewski [86] and
Sawamoto [87]. During the ten years since its discovery more than 3000 publications
and 400 patents have been published on ATRP, which is more than 60 % of all papers
on living/control radical polymerization [88].
ATRP has been used to obtain homo [89, 90], block [90-92] and branch polymers
[93, 94]. ATRP is similar to nitroxide mediated system (NMP); the differences between
these two approaches are the model of generation of the propagating radical centre. In
ATRP, a metal catalyst species reversibly abstracts a chlorine or bromine atom from the
dormant polymer chain end to give the propagation radical. This is in direct contrast to
in NMP systems in which no catalyst is required and the reaction is thermally driven.
A general mechanism for ATRP is shown in Scheme 2.3 ATRP involves the chain
initiation of free polymerization by a halogenated organic species in the present of metal
halide species. The metal has a number of different oxidation states that allows it to
abstract a halide from the organohalide, create a radical that then starts free radical
polymerization. After initiation and propagation, the radical on the active chain is
terminated by reacting with the catalyst in its higher oxidation state (reversibly
terminated). The reversible termination between radicals by disproportionation or
combination is generally minimized by the reversible formation of inactive (dormant)
species. Thus, the redox process gives rise to equilibrium between dormant (polymerHalide) and active (polymer-radical) chains. Typical metal catalysts in ATRP is Copper
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(I), Ruthenium (II), Nickel (III), or Iron (II). One of the problems in ATRP reactions is
the generally low solubility of the metal halide species, which results in limited
availability of the catalyst.

R-X

+

Mtn-Y / Ligand

Kact
Kdeact

R

X-Mtn+1-Y / Ligand

+

Kp

monomer

Kt

termination

Scheme 2.3 Transition-Metal-Catalysed ATRP [95].

This is improved by the addition of a ligand to the metal catalysts which significantly
improves the solubility of the metal halide. ATRP is usually conducted in bulk, or
organic solvent [95]. However, the needs for commercialization of CRP techniques
have directed the attention of researchers to the development of CRP processes in
heterogeneous systems. A continuing challenge in ATRP is running the polymerization
in aqueous dispersed media. The first step in expanding the scope of ATRP was to
conduct an emulsion system [96, 97]. Continued research in the field of aqueous
biphasic ATRP has resulted in choosing miniemulsion [98-103] and later
microemulsion [98, 104-109] as the preferred method for the preparation of lattices of a
smaller size.
2.2.2.1.4 Reversible Addition-fragmentation chain Transfer (RAFT)
The recently introduced technique in control/free radical polymerization is the Radical
Addition Fragmentation Transfer (RAFT) process. The RAFT was introduced by the
group of Rizzardo at the CSIRO institute [110], which utilizes thiocarbamate and
dithioester transfer agents. The technique has also been demonstrated to have
applicability to a diverse family of monomers.
RAFT is a free radical in nature and operates on the principle of degenerative chain
transfer. Similarly to other CRP techniques, RAFT polymerization is a methodology to
overcome minimal control over the molecular weight distribution and the chain
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architecture. The RAFT process involves conventional free radical polymerization of a
substituted monomer in the presence of a suitable reversible chain transfer agent (CTA)
which has at least one group containing a thiocarbonylthio group (S=C–S) with
substituents R and Z (Figure 2.12).

S

S
R
Z

Figure 2.12 General structure of a thiocarbonylthio compound

The Z and R substituents of the CTA play an essential role concerning the kinetics and
the quality of the polymerization control. In general, the Z group mainly influences the
transfer rate [111] and it can be used to introduce one or several specific groups for
subsequent application at the ω-end of the chains [112-114]. The main influence of the
R group is the fragmentation reaction selectivity and the re-initiation step. The R group
responsibility is to weaken the S–R bond as much as possible. In addition R• should be a
better leaving group than the propagating radical in RAFT reaction [115, 116]. Finally,
the R group can be used to introduce one or several specific groups at the α-end of the
chains for various applications [117, 118]. The specific groups may be introduced
before or after the RAFT polymerization.
In the presence of the (macro) radical species the CTA is creating equilibrium between
active species (propagation radical) and dormant species (thiocarbonylthio-terminated
chain) that can become active again by inducing reversible addition-fragmentation
transfer reaction (scheme 2.4). In RAFT polymerization, addition of the propagation
radical to the unsaturation induces the formation of an intermediate radical (IR) .The
stabilised radical intermediate (IR) does not undergo termination reaction since the
released radical, R•, is able to enter the polymerization cycle. This IR undergoes a
fragmentation reaction either via pathway 2 to give back the same radical and the same
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CTA (reversibility), or via pathway 1 to form a new CTA and a new radical
(Scheme2.4).

Pathway 1

Pn

+

Active
species
= Propagating
radical

R
S

S

Fragmentation (2)

Z
CTA

R
S

Addition (1)

Pn

S

Fragmentation (1)

Pn
Addition (2)

Z
Intermediate
radical

S

S
+

R

Z
Dormant species
= macroCTA

Fragment
radical

Pathway 2

Scheme 2.4 Reversible addition fragmentation transfer reaction in the presence of CTA (redrawn
from [119]).

Scheme 2.5 shows the commonly accepted mechanism of the RAFT polymerization
[116]. The mechanism of addition fragmentation is based on the reaction between
propagation radical and a chain transfer agent which bears both an active double bond
and a weak bond. The free radical source is similar to that used in covalent free radical
polymerization, e.g. thermo-initiation [120, 121], UV-initiation [122, 123] or
γ-initiation [124].
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Scheme 2.5 General mechanism of the RAFT polymerization (redrawn from [116]).

The transfer reaction between the active species and the thiocarbonythio-containing
CTA leads to the formation of dormant species (equilibrium (i), that is also called preequilibrium) and to the release of a fragment radical, R•, able to initiate a new polymer
chain (re-initiation). The dormant species, which also bear a thiocarbonylthio function
(macroCTA), induce reversible addition-fragmentation equilibrium (equilibrium (ii)).
The cycle of addition to the C=S bond, followed by fragmentation of radical, continues
until all monomers are consumed. Termination is limited in this system by the low
concentration of active radicals.
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RAFT polymerization is mostly controlled by reaction time which defines percentage of
conversion, efficiency and selectivity of the reversible addition-fragmentation reaction
and CTA structure relative to the monomer and [CTA]/[I] molar ratios. To have an
efficient control over the molecular weight distribution in a RAFT polymerization,
some requirements must be fulfilled. First, it is important that all the chains initiated in a
short period of time be close to the ideal form which is simultaneous initiation of all the
chains in living polymerization. Second, during each active/dormant cycle the number
of added monomer units onto propagation radicals should be low in order to reach a
similar growth rate of all chains. Third, the occurrence of any reaction that leads to the
formation of dead chains must be minimized [119].
The RAFT procedure has proven quite versatile from a synthetic viewpoint since a wide
range of monomer class functional groups, and reaction conditions can be tolerated
[119]. Significantly however, two classes of water-soluble monomers which remain
underrepresented in the controlled radical polymerization literature are the acrylamido
[125-130] and methacrylamido monomer [121, 131, 132]. Also, McCormick and Lowe
[133] reported the significant achievement in aqueous RAFT homopolymerization and
block copolymerization of water soluble and amphiphilic monomers, including
nonionic, cationic, anionic, and zwitterionic species. It is shown that the elimination of
hydrolysis of ω-terminal thiocarbonylthio functionality is an important factor to have a
successful RAFT polymerization. In their work the influence of both pH and CTA
molecular weight on the rate of hydrolysis was discussed.
2.2.2.2 Summary and outlook
Even though the RAFT technique has been more recent than other controlled radical
polymerizations, such as Nitroxide-Mediated polymerization (NMP) and Atom Transfer
Radical polymerization (ATRP), it shows fewer limitations. NMP usually requires high
temperatures, while the ATRP often is limited by monomer functionality and solvent
selection for proper catalyst activity. RAFT, on the other hand, appears to be flexible
with respect to monomer functionality and covers a vast range of monomers which is
conducted under simple conditions. For the running RAFT under aqueous media some
considerations are essential. Mostly polymerization of water soluble monomers was
found to be far superior in buffered conditions rather than pure water [126, 128, 131,
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132]. In most cases CTA synthesis is required as not many commercial CTAs are
available [125, 127, 128, 130-132, 134]. Also controlling the pH [125, 126, 128, 130132] and temperature [121] are necessity for most of the RAFT polymerization in
aqueous media. Finally, CTA degradation can be one important issue in RAFT
polymerization which will lead to hydrolytic loss of thiocarbonylthio end group, thus
the unsuccessful control of polymerization [126, 128, 132].

2.2.3 Thiol-ene
Considerable interest in the in situ forming of biomaterials for tissue engineering and
drug delivery application caused a lot of attention in current research. Different
mechanisms for forming these materials have been suggested with a common goal of
creating biocompatible and chemically flexible materials. Most of the mechanisms have
suffered from limited control over material properties and gelation kinetics. Between the
various forms of materials, covalently crosslinked materials, show promising results in
controlling the crosslinking density. Consequently, better control over equilibrium water
content, degradation rate, elasticity, and modulus [135], is attained in covalently
crosslinked materials. This control creates an opportunity to have materials which can
be tailored in their properties to more closely mimic the mechanical properties of
natural tissue.
The use of thiol in chemical reactions have extended well over 100 years. It covers a
number of fields ranging from biochemistry to polymer science. Early work on thiol-ene
free radical chemistry dates from the late 1930s to the early 1950s [136-138]. An
excellent review of thiol chemistry was published in 1974 covering all of the early work
till mid 1970s [139]. Initially Morgan, Ketley and their co-workers worked on
application of photopolymerization of thiol-enes [140, 141]. This was the first largescale use of radiation curing in the United States. For a wide variety of reasons, both
economy and technical, thiol-ene photo-curing gave way to acrylate-based photocurable systems.
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There have been several efforts since the late 1970s to revive the use of thiol-ene
photopolymerization in industrial applications: in Germany [142-146], United States
[147, 148], and in Australia [149-151] in early or mid 1990s.
Extensive research into covalently crosslinked biomaterial networks has indicated three
main polymerization mechanisms can be used to form covalently crosslinked polymeric
biomaterials. They are chain growth, step growth, and mixed mode chain and step
growth polymerization mechanisms.
Photopolymerization of a unique combination of a multifunctional thiol monomer and a
multifunctional acrylate monomer can produce a polymer network through free radical
processes. This combination leads to a mixed step and chain growth polymerization
reaction [152].
In general, as shown in Scheme 2.6, thiol-ene systems polymerize by a free radical
mechanism involving three reactions in the propagation stage [152]. Step 1 and 2 are an
initial addition of the thiyl radical to the carbon of an ene functionality and a subsequent
hydrogen abstraction of a thiol group by a carbon-centered radical to give a thiyl radical
respectively. In these two steps propagation and chain transfer occur sequentially. An
additional propagation step occurs in acrylate homopolymerization due to the ability of
the acrylate group to react with carbon-based radicals (step 3). This additional reaction
results in acrylate homopolymerization, similar to the chain growth polymerization
mechanism of pure acrylates. Termination occurs by radical-radical coupling.
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Scheme 2.6 General thiol-ene photo-polymerization process.
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The distribution of the thiol-polyacrylate backbone chain lengths is controlled through
the thiol functionality, the ratio of thiol and acrylate functional group in the initial
monomer mixture. Also the amount of acrylate homopolymerization that occurs (step 3)
relative to chain transfer to thiol (step 2) defines the polymerization to be more chainlike or step-like polymerization mode [153].
Hoyle et al. [154] reported the general structures of typical enes and thiols used in thiolene polymerizations. They showed the reactivity of the ene in a thiol-ene free radical
chain reaction is dependent on the extent of substitution. Highly substituted alkenes are
less reactive than slightly substituted alkenes. They also illustrated the effect of doublebond position on the conversion rate. Based on their understanding, the rapid thiol-ene
free radical chain reactions which involved multifunctional enes will be successful if the
ene groups are located at terminal positions.
Three types of multifunctional thiols used in thiol-ene photoinitiated polymerization
have been reported: alkyl thiols, thiol glycolate esters, and thiol propionate ester, as
shown in Figure 2.13. Thiol based on propionate esters and glycolate esters result in
greater reaction rates because of a weakening of the sulfur-hydrogen bond by the
hydrogen bonding of the thiol hydrogen group with the ester carbonyl [154].

Figure 2.13 General structures of three basic types of thiols used in thiol-ene polymerization [154].
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2.2.3.1 Summary and outlook
The thiol-ene photopolymerization reaction has several advantages over typical
multifunctional acrylic photopolymerization reactions, primary due to their desirable
curing kinetics and controlled network formation. The rapid curing in the presence of
little or no photoinitiators in this system [154], allowing samples with thicknesses well
in excess of 10 cm to be formed, spatial and temporal control of polymerization by
applying the excitation of a light source [154] and a decrease of the problems which can
arise by residual initiator molecules in certain applications [155, 156].
Due to the unique step growth polymerization mechanism, the molecular weight
evolution in the thiol-ene system occurs more slowly, thereby leading to delayed
gelation [154, 157]. This system exhibits uniform crosslink density in the network with
only a few dangling chain ends [154]. These properties can alter dramatically the
physical and mechanical performance of networks based on thiol-ene.
Further, thiol-ene systems particularly show relative insensitivity to oxygen inhibition, a
problem that generally plagues free radical polymerization processes. The mechanisms
for the reduction of oxygen inhibition in the thiol-ene polymerization are illustrated in
Scheme 2.7. It is based on the hydrogen abstraction of thiol hydrogen by peroxy
radicals that are formed by the reaction of carbon-centered propagation radicals with
molecular oxygen [158].
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Scheme 2.7 Oxygen-scavenging mechanism for free radical polymerization in the presence of
aliphatic thiols (redrawn from [154]).

2.2.4 Overview
Based on the above critical literature review for possible approaches to polymerize a
DN hydrogel with acceptable mechanical properties, the thiol-ene reaction proposed
much simpler method with more advantages over other methods.
For some of the above methods it is necessary to synthesize some of the chemical
reagents before the actual polymerization approach as these reagents are not available to
be purchased. Also, some of them require special polymerization conditions such as
temperature or solvents which are not applicable for DN hydrogel preparation.
Hence, the thiol-ene reaction was chosen for the second aim of this thesis which is
proposing a possible preparation method for DN hydrogels with less sensitivity to the
presence of the oxygen during the gel polymerization.
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CHAPTER THREE
3 EFFECTS OF UREA ON THE PROPERTIES OF DN
HYDROGELS

3. 1 Introduction
Hydrogels, as a specific class of polymers with a three-dimension network structure,
possess a unique capability as a non-soluble, but highly swollen material. Their body
compatibility and high potential as smart materials make them attractive candidates for
biomedical applications. They are the potential candidate for replacements of articular
cartilage and other soft tissues. Despite being one of the most promising types of
material for such application; their low mechanical strength is a significant disadvantage
for their use as an artificial replacement of damaged natural tissue or as mechanical
devices.
Recently, many efforts have been made to synthesize hydrogels with improved
mechanical properties by synthesizing hydrogels with a homogeneous network
structure. Such as the topological gel [1], nanocomposite gel [2] and macromolecular
microsphere composite gel [3] which showed an effective improvement in mechanical
strength owing to their homogenous structures. The double network (DN) hydrogel,
however, was developed by using the well known interpenetrating polymer network
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(IPN) approach to incorporate the heterogeneity of the hydrogels to get better
mechanical properties. The DN hydrogel shows a dramatic improvement in the
mechanical properties of hydrogel [4-6]. These DN hydrogels, first described by Gong‟s
group [4], showed extremely high fracture toughness for a cross-linked hydrogel despite
their high water content (70-90 %). The mechanism of the toughening of DN hydrogels
is not clearly understood, despite several theoretical and experimental attempts [6-11].
The presence of hydrogen bonds between the two polymer networks in a DN hydrogel
is one of the possible reasons for the significant enhancement in the mechanical
properties of the double network hydrogels compared with either of the single networks
[12, 13].
The formation of a hydrogen bonding interpolymer complex between the weak
polyacids, such as polyacrylic acid (PAAc) or poly(methylacrylic acid) (PMAAc), and
proton acceptor polymers, such as poly(ethylene oxide) (PEO) [14-16], polyacrylamides
(PAAm) [17-19], poly(N,N – dimethylacrylamide) (PDMAAm) [20, 21], poly(vinyl
ether) (PVE) [22], etc. in aqueous solution has been widely studied during recent
decades. In general, in the aqueous mixture of such complementary polymers,
interpolymer association between the carboxylic groups of the polyacid and the proton
acceptor groups of the polybase leads to the formation of hydrogen bonds in the
compact interpolymer complexation form [23].
The common methods for studying the presence of a hydrogen bonding interpolymer
complex are study the presence or absence of hydrogen bonding in polymer mixtures by
changing environmental conditions, such as temperature [18-20], pH [14, 15, 24] or
disrupting the formation of hydrogen bonds by using a hydrogen bond breaker reagent
such as urea [18, 25].
The object of the present study is to investigate the existence of hydrogen bonds in
different DN hydrogels through the disruption of the formation of hydrogen bonds
between two polymers in the hydrogel network. To fulfil this aim, urea has been used as
it is a well known protein denaturant and hydrogen bonds disrupter. Urea‟s denaturing
action has been related to its ability to form hydrogen bonds to the amide group of
proteins [26, 27]. The urea is expected to increase the solubility of proteins or any other
polymer with amide groups through the formation of hydrogen bonds in aqueous
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solution [26] Therefore, urea could disrupt the formation of hydrogen bonds between
two polymers by the formation of a stronger hydrogen bond with one of the polymers.
This approach allows us to keep the original structure of the DN hydrogel as it formed
and change the amount of hydrogen bonds between two networks.
In the present work, two groups of DN hydrogels were prepared. The first group was
prepared from the well studied weak polyacid (PAAc) and proton acceptor polymers
(PAAm and PDMAAm) where the presence of internetwork hydrogen bonds in the DN
gel structure is expected. Whereas, the second group of DN hydrogels with PAMPs as a
first network (tight network) and PAAm, PDMAAm or PAAc as the main polymers for
the second network was polymerized without the clear evidence of the presence of the
hydrogen bonding in their structure. These two groups of DN gels were developed and
studied in order to get better understanding about the contribution of hydrogen bonding
to the mechanical properties of DN hydrogels. This was done through the comparison of
the results between the first and second group of DN gels, using the first group as a
reference with hydrogen bonding interaction present in their structure. The mechanical
tests were employed in order to understand the contribution of hydrogen bonds to the
mechanical strength of DN hydrogels in the presence and absence of urea, in addition to
the usual swelling measurement of the hydrogels. Rheology, particle size and light
transmittance measurements on the mixed polymer aqueous solutions of uncross-linked
polymers in each system were studied to show the presence or absence of hydrogen
bonds.
The results indicate that in the first group, with the presence of hydrogen bonding
between two networks, urea reduced the mechanical properties of the DN hydrogels
significantly. The stress-at-break (σbreak) and fracture energy (Gc) in this group was
decreased as the urea concentration was increased. While in the second group, except
the PAMPs:PAAc DN hydrogel, the DN hydrogels did not show a significant change in
the mechanical properties on addition of urea as a hydrogen bond breaker.
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3. 2 Experimental Section

3.2.1 Materials
The monomers, 2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPs) (99 % purity),
Acrylamide (AAm) (99 % purity, electrophoresis grade), Acrylic acid (AAc)
(99 % purity), N, N – Dimethylacrylamide (DMAAm) (99 % purity) and cross-linker,
N, N’ –Methylenebisacrylamide (MBAAm) (99 % purity) were used as received.
Potassium persulfate (KPS) (99.99 % purity) and Ammonium persulfate (APS)
(98 % purity), as chemical initiators and α-ketoglutaric acid (99 % purity, Fluka), as a
UV-initiator were used without further purification. Urea (98+ %, molecular biology
tested) was used to prepare the aqueous urea solution with a range of concentrations. All
chemicals were supplied from Aldrich® Chemical Co., Inc (NSW, Australia). Sodium
hydroxide (NaOH) (97 % purity) was used for partial ionization of AAc monomers.
Deionized water (MilliPore Elix 3, 10-15 MΩ) was used for the preparation of the
aqueous solutions.

3.2.2 Preparation of gels and homopolymers
3.2.2.1 DN hydrogel preparation
The DN hydrogels were synthesized by the sequential network formation technique
(two-step method) [4]. The first network of the DN gels, were obtained by chemical
radical polymerization. The aqueous solutions of 1 M monomer and 4 mol% MBAAm
were purged for 30 minutes with high purity nitrogen gas to remove the oxygen prior to
the addition of the 0.1 mol% chemical initiator (the molar percentages for cross-linker
and initiator were determined with respect to the monomer concentration). Monomer
solution was inserted in a glass mold separated by rubber spacer of the desired
thickness. Polymerization was carried out in an oven at 60 ˚C for 12 hours. In a second
step, the first network gel was immersed into an aqueous solutions of second monomer
containing 2 M monomer, 0.1 mol% MBAAm and 0.1 mol% UV-initiator (both with
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respect to monomer concentration). After a sufficient time for equilibrium swelling of
the first network (> 60 h) the swollen gel was taken out of the monomer aqueous
solution and placed between the two glass plates which were separated by a rubber
spacer and wrapped with glad® wrap to avoid unwanted vaporization during the second
polymerization. The second polymerization was carried out in the presence of the first
network for 20 hours by the UV irradiation of 4 UV lamps (8 W, 365 nm) that were
placed as pairs below and above the mold at a distance of 10 cm from gel under a
nitrogen blanket in a glove box.
For this research, two groups of DN gels were prepared. The first group was prepared
with PAAc as a first tight network with AAm or DMAAm monomers as the main
monomers for a second network. The second group was prepared with PAMPs as the
first tight network and using AAm, DMAAm or AAc monomers as the main monomers
for the second network polymerization in the presence of the PAMPs first network. To
obtain suitable DN gels for mechanical property tests for DN hydrogels in the first
group the following extra steps were taken. The aqueous AAc monomer solution of the
first network was partially neutralized (50 mol%) with NaOH before polymerization.
This step was taken to obtain more swelling of the PAAc network in the second
monomer solution. The final DN hydrogels in second group were then immersed in
aqueous HCl with the pH=1 for 5 days with changing the aqueous solution every other
day to exchange the acrylate groups in the PAAc to carboxylic groups. In the final step,
the DN hydrogels were immersed in deionized water for 5-7 days to extract all the
unwanted salt that may have formed in the DN hydrogels. The DN hydrogels were cut
into the correct shape for swelling or mechanical tests and dried in an oven at 50 ˚C for
12 hours and then placed in different aqueous media solution for the swelling or
mechanical tests.
3.2.2.2 Single network polymers
The single network of different polymers was prepared with the same formula and
reagents for cross-linker and initiator as described for DN hydrogel preparation. The
only difference was to run the polymerization of the second networks separately and not
in the presence of the first network. The polymerization methods and conditions were
kept the same as these used in DN hydrogel polymerization.
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3.2.2.3 Homopolymer chains synthesis
Pure PAMPs, PAAm, PDMAAm and PAAc solutions were prepared by free radical
polymerization of aqueous solution of their monomers with 0.1 mol% initiator (with
respect to the monomer concentration). The chemical-initiated polymerization was used
for PAMPs and PAAc (1 M monomer concentration as was used for the first network of
DN gels) and UV-initiated polymerization was used for the PAAm, PDMAAm and
PAAc (2 M monomer concentration as was used for the second network of DN gels).
The same polymerization conditions were applied for homopolymerization of the
polymers as were used for DN and single network gels polymerization.

3.2.3 Preparation of the polymer mixture solutions
Different aqueous polymer mixture solutions of synthesized homopolymers were
prepared for light transmission, particle size distribution and rheology measurements.
The stock solutions of each synthesized homopolymer were prepared with distilled
water in 2.5, 1 and 0.2 wt% polymer concentration for different measurements and
mixed for 24 hours prior to experiment.
Each polymer mixture solution related to the different DN hydrogels was prepared by
mixing a fixed weight ratio of the polymer of the first to the second network in each DN
hydrogel. The weight ratio between two polymers in each DN hydrogel was calculated
based on the gravimetric measurement. The first network was prepared and weighed
immediately after the polymerization. Then the weight of the first polymer was
calculated based on the concentration of the monomer in the first aqueous solution. A
sample of the first network gel was immersed into an aqueous solution of the desired
second monomer. The weight of the swollen first network in the second aqueous
solution of monomer was measured. The weight of the second polymer was calculated
based on the concentration of the second monomer in its aqueous solution. It was
assumed that the concentration of the second monomer was equal inside and outside of
the first polymer network gel when the equilibrium swelling was reached in the second
monomer solution. The precision of the above assumption was tested by a second
method. In the second method, the polymerization of the second monomer was carried
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out in the presence of the first network and then the DN gel was completely dried. The
weight of the second polymer was calculated based on the difference between the
weight of the dry DN gel and the weight of the calculated first polymer.
The following weight ratios between the first and the second polymer in each DN
hydrogel were found by the first method of calculation; PAAc:PAAm 1:17,
PAAc:PDMAAm

1:16,

PAMPs:PAAm

1:32,

PAMPs:PDMAAm

1:45

and

PAMPs:PAAc 1:23. Theses results are the average of at least five measurements in
different batches for all the DN hydrogels in triplicate. The sample size was
approximately 2 mm × 2 mm × 1 mm.
Both first and second methods were carried out with samples that were 10 – 20 times
bigger in their length and width in order to have a good contact between the gel and a
glass mould to permit a successful second polymerization (see section 3.2.2.1 for the
DN gel preparation details). The obtained results were different with those calculated
from the first method when smaller sample dimensions were used (e.g. PAMPs:PAAm
showed 1:18). The validity of sample size was tested in other samples that gave similar
results. Both methods gave very similar results when larger samples were used. This
shows that the assumption, having the same concentration of the second monomer
inside and outside of the first network, in the first method was valid and the difference
in the weight ratio may be due to the sample dimensions. The inconsistency of different
weight ratios for the samples with different dimensions was not clearly understood. In
this thesis, in order to keep the consistency in results, the first method was used to
represent the weight ratio between the two polymers in each polymer mixture solutions.
All the polymer mixture solutions were prepared fresh before each measurement and
mixed gently with magnetic mixture for 6-12 hours and left at least for 6 hours before
measurement. The stock polymer solutions for particle size distribution measurement
(Zetasizer) were filtered through 0.45 μm filters (Acrodisc, Pall Corporation) to remove
dust, and then mixed with each other in appropriate weight ratio.
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3. 3 Characterization

3.3.1 Degree of swelling (DS) measurement
The degree of swelling (DS) was evaluated at room temperature (25 ˚C) by gravimetric
measurement. Swelling studies were carried out by comparing the dry and swollen
weights of the hydrogels in deionized water or aqueous urea solutions. To measure the
swelling ratio, the DN hydrogels were dried in an oven for 5 days at 50 ˚C following by
24 hours drying in vacuum oven at 50 ˚C. The dry gels were weighed and then
immersed in deionized water or aqueous urea solutions for 7-10 days. The swollen gels
were then removed from the solution, patted dry with filter paper to remove excess
water on the sample surface, and were weighed. The degree of swelling (DS) was
determined according to the following equation:

DS 

(Ws  Wd )
Wd

(1)

Where Ws and Wd are weights of gels in the swollen and dry state, respectively. All
measurements were performed in triplicate.

3.3.2 Mechanical testing
The mechanical properties of the DN hydrogels were evaluated using tensile and tearing
tests at room temperature. The hydrogels were allowed to reach equilibrium swelling in
deionized water or aqueous urea solutions for 7-10 days prior to mechanical tests. The
aqueous urea solution was changed frequently to ensure the same concentration of urea
inside the gels was obtained.
The mechanical tests were carried out with Instron 5566 (Norwood, MA, USA)
equipped with 100 N load cell and two different clamps for tensile and tearing tests.
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3.3.2.1 Tensile test
The stress-at-break (σbreak), strain-at-break (εbreak) and tensile moduli (initial or Young‟s
modulus and secondary modulus) were determined by tensile strain-stress
measurements, using a uniaxial tensile test. The equilibrated samples were cut into
dumbbell shaped specimens that conform to AS 1683.11-2001 standards using a cutting
machine (Dumbbell Co., Ltd., Japan). Dumbbell shaped specimens (gauge length 20
mm, width 4 mm, and thickness 4-5 mm) were clamped and stretched with the
crosshead speed of 10 mm/min for all the samples. The stress-at-break (σbreak) and
strain-at-break (εbreak) represented the maximum stress and strain before the gel
fractured respectively. The two different tensile moduli in this work were calculated
from the strain-stress loading curve of the DN hydrogels. The initial or Young‟s
modulus (E1) is the tensile modulus of the hydrogels for 0-10 % strain, whereas, the
secondary modulus (E2) is the tensile modulus of the same material for 40-60 % strain
which was still in the elastic regime of the loading curves of DN hydrogels.
3.3.2.2 Tearing test
To measure the fracture energy (Gc) or tearing energy, which is the energy expended per
unit thickness per unit increase in crack length, the tearing test was performed. The
equilibrium swollen gels were cut into trouser shapes, which had the standardized AS
1683.12-2001 ½ size (length 50mm, width 7.5 mm, the length of the initial notch
30mm), with the gel cutter (Dumbbell Co., Ltd., Japan). The two arms of a test piece
were clamped and the upper arm was pulled upward at constant velocity (Vc) of
100 mm/min while the lower arm was fixed. The tearing force (F) was recorded during
the crack propagation. Gc was calculated by using the following equation,

Gc =

2 Fave
d

(2)

Where Fave is the average of tearing force during the crack propagation and d is the
width of the gels. The elongation of the arms was ignored. So, the change of the elastic
energy stored in the pulled arms was not taken into account while the crack velocity was
taken as equal to (1/2) × Vc.
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3.3.3 Light transmission measurement
The optical transmittance of aqueous solutions of the polymer mixtures containing
various concentrations of urea were measured with a Shimadzu UV-1601 UV-visible
spectrophotometer at 500 nm. The change in transmittance of aqueous polymer
mixtures was monitored as a function of urea concentration at room temperature. The
concentration of polymer in the aqueous solution was 1 and 2.5 wt%.

3.3.4 Particle size measurement
To study the formation of a polymer complex via hydrogen bonding, the effect of urea
on the size distribution of homo- and mixed polymer solutions was examined by
Zetasizer Nano-ZS (Malvern Instruments Ltd., UK). The aqueous polymer solutions
were prepared as explained in experimental section from the stock polymer solution of
0.2 wt% polymer concentration. All the stock solutions were filtered through 0.45 μm
filters (Acrodisc, Pall Corporation) to remove dust, and then mixed with each other in
the appropriate weight ratio. The particle size measurement was performed at room
temperature.

3.3.5 Rheology measurement
Linear and nonlinear rheology measurements were carried out using a Rheometrics AR
1500 controlled-stress rheometer, equipped with a cone and plate geometry
(diameter = 60 mm, cone angle = 1º 59′ 9″, truncation = 65 μm). After loading, each
sample was kept at rest for 5 minutes before measurement to remove the mechanical
history. Viscosity measurement was taken in steady state shear flow. The temperature
was fixed at 25±0.1 ºC. All samples were prepared a day before the measurement, were
mixed gently for 12 hours and then left to stand for at least 12 hours to allow bubbles to
escape before the measurements. Analysis of results for aqueous solutions with added
urea required the measurement to be normalized with respect to the viscosity of solvent;
hence, the results shown are in terms of specific viscosity which is defined as,

 sp  ( solution/  solvent )  1
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3. 4 Results

3.4.1 Effect of urea concentration on swelling of DN hydrogels
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Figure 3.1 Urea concentration dependence of the swelling degree of the PAAc:PAAm DN hydrogel
at 25 ºC.
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Figure 3.2 Urea concentration dependence of the swelling degree of the PAAc:PDMAAm DN
hydrogel at 25 ºC.
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Figure 3.3 Urea concentration dependence of the swelling degree of the PAMPs:PAAm DN
hydrogel at 25 ºC.
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Figure 3.4 Urea concentration dependence of the swelling degree of the PAMPs:PDMAAm
DN hydrogel at 25 ºC.
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Figure 3.5 Urea concentration dependence of the swelling degree of the PAMPs:PAAc DN hydrogel
at 25 ºC.
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Since the extent of the equilibrium swelling of a DN hydrogel has an important impact
on the mechanical properties of the gel, the swelling ratio of DN hydrogels immersed in
different urea concentrations were studied. In order to get better understanding of
swelling behaviour of these DN hydrogels, the swelling ratio of single networks that
made up from each DN hydrogel were studied under the same condition and plotted on
a same graph for comparison (Figure 3.1 - 3.5). PAMPs single network showed a small
decrease in the equilibrium swelling by changing from water to 0.5 M urea solution and
then showed moderately increase in equilibrium swelling with increasing the urea
concentration (Figure 3.3 – 3.5). PAAc single network with a high cross-linking
(used as a first network in DN hydrogel synthesis) showed almost five times increase in
equilibrium swelling as urea was added to the water (from ~ 32 to ~ 149). The
equilibrium swelling then showed a continuous increase till 2 M concentration with a
small decrease from 2 M to 4 M urea concentration (Figure 3.1 – 1.2).
PAAm and PDMAAm single networks showed a modest increase in equilibrium
swelling as urea concentration was increased (Figure 3.3 - 3.4). The increase in swelling
ratio was more significant in PAAm single network than PDMAAm single network.
PAAc single network with a low cross-linking (used as a second network in DN
hydrogel synthesis) showed an almost three times increase in equilibrium swelling as
urea was added to the media (from ~ 340 to 950). The equilibrium showed the highest
degree of swelling at 1 M urea concentration (~ 990) then decreased moderately as the
urea concentration was increased to 4 M concentration (Figure 3.5).
The PAAc:PAAm DN hydrogel showed almost constant equilibrium swelling from 0 to
2 M urea concentration with a small decrease from 2 M to 4 M urea concentration
(Figure 3.1). The PAAc:PDMAAm DN hydrogel showed the same swelling behaviour
as the PAAc:PAAm DN hydrogel. Figure 3.2 shows a significant increase in the
equilibrium swelling from 15.8 to 25.5 as the urea concentration was added to media.
The equilibrium swelling did not appear to change significantly as urea concentration
was increased from 0.5 M to 4 M.
Figure 3.3 shows that the equilibrium swelling of the PAMPs:PAAm DN hydrogel was
almost independent of urea concentration. A similar phenomenon was observed in the
PAMPs:PDMAAm DN hydrogel except for a small increase in swelling observed as
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urea was added to the media (Figure 3.4). In Figure 3.5, the equilibrium swelling of
PAMPs:PAAc DN hydrogel shows a monotonic increase with urea concentration.
In the first group of DN hydrogels, except for the PAMPs:PAAc DN hydrogel, the urea
concentration had little effect on the equilibrium swelling. The PAMPs:PAAc DN
hydrogel showed a continuous increase in equilibrium swelling with increasing the urea
concentration. While the second group of DN hydrogels showed an increase in
equilibrium swelling with increasing the urea concentration from 0 to 2 M followed
with a small drop when transitioning from 2 M to 4 M urea concentration.

3.4.2 Effect of urea concentration on mechanical properties of DN
hydrogels
3.4.2.1 Tensile properties of the first group of gels
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Figure 3.6 Urea concentration dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break
(εbreak) for the PAAc:PAAm DN hydrogel
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Figure 3.7 Urea concentration dependence of the tensile moduli of the PAAc:PAAm DN hydrogel.

Figure 3.6 shows that the stress-at break (σbreak) of the PAAc:PAAm DN hydrogel had
the highest value in the absence of urea (0.42 MPa). The stress-at-break (σbreak) stayed
roughly constant from 0.5 M to 2 M urea concentration. A small increase on σbreak for
4 M urea concentration was observed. Figure 3.6 indicates a decrease from 4.5 to 2.6 in
the strain-at-break (εbreak) for the PAAc:PAAm DN hydrogel by changing from water to
a 0.5 M urea solution. The strain-at-break showed almost no change when increasing
the urea concentration from 0.5 M to 4 M. The initial (E1) and secondary moduli (E2)
exhibited a continuous increase from 0.05 MPs to 0.10 MPa and 0.25 MPa to 0.30 MPa
respectively with urea concentration (Figure 3.7). Urea had a noticeable influence on the
mechanical properties of the PAAc:PAAm DN hydrogel. Both the moduli increased
whereas σbreak and εbreak decreased as the urea concentration was increased from 0 to
4 M concentration.
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Figure 3.8 Urea concentration dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break
(εbreak) for the PAAc:PDMAAm DN hydrogel.
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Figure 3.9 Urea concentration dependence of the tensile moduli of the PAAc:PDMAAm DN
hydrogel.
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Stress-at-break (σbreak) for the PAAc:PDMAAm DN hydrogel showed a continuous
decrease from 0.2 MPa to 0.1 MPa as urea concentration was increased from 0 M to
2 M (Figure 3.8). A small increase in σbreak was observed from 2 M to 4 M urea
concentration (0.15 MPa). Figure 3.8 shows a decrease in strain-at-break (εbreak) for
PAAc:PDMAAm DN hydrogel from 0 M to 2 M urea concentration and stays almost
constant when increasing urea concentration to 4M (~ 1.6). The initial (E1) and
secondary moduli (E2) for this DN showed roughly the same value for E1 (~0.02 MPa)
and a small drop for E2 as urea concentration was increased from 0 M to 1 M (Figure
3.9). The secondary modulus (E2) did not show any significant change with increasing
the urea concentration to 4 M. Increasing the urea concentration decreased σbreak and
εbreak while it had a small effect on tensile moduli of the PAAc:PDMAAm DN hydrogel.
3.4.2.2 Tensile properties of the second group of gels
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Figure 3.10 Urea concentration dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break
(εbreak) for the PAMPs:PAAm DN hydrogel.
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Figure 3.11 Urea concentration dependence of the tensile moduli of the PAMPs:PAAm DN
hydrogel.

Figure 3.10 shows that the stress-at-break (σbreak), or tensile strength, of the
PAMPs:PAAm DN hydrogel is almost the same for all the urea concentrations with a
small drop for 4 M urea concentration. The stain-at-break (εbreak) values of the
PAMPs:PAAm DN hydrogel were almost in the same range for different urea
concentration solutions (Figure 3.10). Figure 3.11 indicate the initial (E1) and secondary
(E2) moduli of the PAMPs:PAAm DN hydrogel. The E1 and E2 of the PAMPs:PAAm
DN hydrogel showed a small increase from 0 to 0.5 M urea concentration and stayed
almost constant till 2 M urea concentration (E1=0.07 MPa and E2=0.12 MPa).The E1
and E2 showed a small decrease by increasing the urea concentration to 4 M
(E1=0.05 MPa and E2=0.096 MPa). Urea had a small effect on mechanical properties of
PAMPs:PAAm DN hydrogel.
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Figure 3.12 Urea concentration dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break
(εbreak) for the PAMPs:PDMAAm DN hydrogel.
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Figure 3.13 Urea concentration dependence of the tensile moduli of the PAMPs:PDMAAm DN
hydrogel.
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Figure 3.12 shows the urea concentration dependence of the stress-at-break (σbreak) of
the PAMPs:PDMAAm DN hydrogel. The stress-at-break of this DN hydrogel showed a
small increase after 1 M urea concentration and then stayed constant with increasing
urea concentration. Figure 3.12 indicates a continuous increase in strain-at-break (εbreak)
from 2.7 to 3.3 for the PAMPs:PDMAAm DN hydrogel as the concentration of urea
was increased from 1 M to 4 M (Figure 3.12). The tensile moduli, E1 and E2, showed a
small increase from 0.08 to 0.11 and 0.1 to 0.14 respectively, as a result of increasing
the urea concentration from 0.5 M to 1 M and stayed almost constant with further
increase of the urea concentration (Figure 3.13). The mechanical properties of
PAMPs:PDMAAm DN hydrogel showed a small increase with urea concentration.

0.4

5
Stress-at-break (break)
Strain-at-break (break)

4

3
0.2
2

break (mm/mm)

break (MPa)

0.3

0.1
1

0.0

0
0

1

2

3

4

Urea concentration (M)
Figure 3.14 Urea concentration dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break
(εbreak) for the PAMPs:PAAc DN hydrogel.
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Figure 3.15 Urea concentration dependence of the tensile moduli of the PAMPs;PAAc DN hydrogel.

Figure 3.14 shows that the stress-at-break (σbreak) for the PAMPs:PAAc DN hydrogel
decrease moderately till 1M urea concentration (from 0.20 to 0.15 MPa) and then shows
continuous increase till reaching almost the same value as that for pure water in 4 M
urea concentration. Strain-at-break (εbreak) for the PAMPs:PAAc DN hydrogel showed
roughly the same strain-at-break as the urea concentration was increased from 0 to 1 M.
A continuous decrease in εbreak was observed as urea concentration was increased from
1 M to 4 M (Figure 3.14). The tensile moduli of this DN showed different trends from
previous DNs. Figure 3.15 indicates that the initial (E1) and secondary (E2) moduli of
the DN exhibited a small drop from 0.06 to 0.04 and 0.13 to 0.10 respectively as the
urea concentration was increased from 0 to 1 M. Both the moduli increased suddenly as
the urea concentration was increased to 2 M concentration and stayed almost at the
same range on further increase of the urea concentration to 4 M (E1 ~ 0.1 MPa and
E2 ~ 0.16 MPa). Tensile moduli and σbreak for PAMPs:PAAc DN hydrogels showed a
modest decrease with increasing the urea concentration from 0 to 1 M concentration
followed with a sudden increase on increasing the urea concentration to 2 and 4 M,
whereas, urea had little effect on the εbreak of PAMPs:PAAc DN hydrogel.
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3.4.2.3 Tearing test results of the first group of gels
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Figure 3.16 Urea concentration dependence of the fracture energy at V=100 mm/min for ( ♦) the
PAAc:PAAm DN hydrogel and (▼) the PAAc:PDMAAm DN hydrogel.

The fracture energy (Gc) of DN hydrogels was calculated based on equation (2) after
equilibrium swelling in different concentrations of aqueous urea solutions. The effect of
urea concentration on Gc for the first group of DNs that were prepared with PAAc as a
first network is shown in Figure 3.16 The Gc for this group showed a continuous
decrease as urea concentration was increased to 4 M concentration. Fracture energy (Gc)
for PAAc:PAAm DN hydrogel was almost an order of magnitude greater than
PAAc:PDMAAm. The fracture energy (Gc) of the first group of DN hydrogels showed a
continuous decrease with urea concentration increase.
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3.4.2.4 Tearing test results of the second group of gels
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Figure 3.17 Urea concentration dependence of the fracture energy at V=100 mm/min for (■) the
PAMPs:PAAm DN hydrogel and (▲) the PAMPs:PDMAAm DN hydrogel.

Figure 3.17 shows plots of Gc at V=100 mm/mim for PAMPs:PAAm and
PAMPs:PDMAAm DN hydrogels. Both materials showed almost no significant change
in Gc as the urea concentration was increased. The fracture energy (Gc) of the
PAMPs:PAAm DN hydrogel was almost four times bigger than Gc for the
PAMPs:PDMAAm.

It

should

be

mentioned

that

the

Gc

results

for

the

PAMPs:PDMAAm DN hydrogel had relatively larger errors than the PAMPs:PAAm
DN hydrogel. This was a result of a relatively weak network and consequently less
stable tearing force (Fave) with the short crack propagation during the tearing tests. Urea
had little effect on fracture energy of both the DN hydrogels.
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Figure 3.18 Urea concentration dependence of the fracture energy at V=100 mm/min for the
PAMPs:PAAc DN hydrogel.

In Figure 3.18, the fracture energy (Gc) for the PAMPs:PAAc DN hydrogel represents a
different trend from that shown in Figure 3.17. The fracture energy of this DN initially
showed a continuous decease as urea concentration was increased from 0 M to 1 M and
reached its lowest energy at 217 J.m-2. Gc increased after that with further increasing the
urea concentration from 1 M to 4 M and achieved almost the same fracture energy as
DN swollen in water showed (~ 370 J.m-2). The urea concentration had a strong
influence on the fracture energy of the PAMPs:PAAc DN hydrogel.
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3.4.3 Light transmission results
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Figure 3.19 Urea concentration dependence of the light transmittance at 500 nm for aqueous
solution of (♦) PAAc/PAAm 1 wt% and (▼) PAAc/PDMAAm 1 wt%.
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Figure 3.20 Urea concentration dependence of the light transmittance at 500 nm for aqueous
solutions of PAMPs/PAAc (2.5 wt %).
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The urea dependence of the light transmittance of mixed linear polymer solutions from
each DN hydrogel was measured with a UV-visible spectrophotometer. In Figure 3.19,
the transmittance for mixed polymer solutions of PAAc/PAAm and PAAc/PDMAAm
increased as urea concentration was increased. The increase in transmittance for
PAAc/PDMAAm was more than a factor of 2 as urea concentration was increased from
0 to 4 M. PAAc/PAAm mixed polymer solution showed a smaller change of
transmittance as urea concentration was increased.
The PAMPs/PAAm and PAMPs/PDMAAm polymer mixtures did not show any
significant changes in light transmittance as urea was added to the aqueous solution of
polymer mixtures (data not shown). Figure 3.20 shows the transmittance of mixed
solution of PAMPs and PAAc increases as urea concentration was increased.

3.4.4 Particle size results (Zetasizer)
In this part the effect of urea on the size distribution of homopolymer chains and
polymer mixtures was studied. The effect of urea on homopolymer chains of PAAm,
PDMAAm and PAAc was studied as they were the main portion of polymer content in
each mixture. All DN hydrogels studied in this chapter showed almost continuous
mechanical changes with variation of urea concentration except the PAMPs:PAAc
network (Figure 3.15 and 3.18). So, the effect of urea concentration on the size
distribution of the PAMPs/PAAc mixed polymer solution was studied in an aqueous
solution and also different urea concentration to get a better understanding of this
system at a molecular level. For other DN systems the effect of urea in the highest
concentration (4 M) was studied.
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3.4.4.1 Particle size distributions of homopolymers
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Figure 3.21 Effect of 4 M urea on the size distribution of (a) PAAm and (b) PDMAAm at 25 ºC.
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Figure 3.22 Effect of urea concentration on the size distribution of PAAc at 25 ºC.

Figure 3.21 and 3.22 show the effect of urea on the size distribution of PAAm,
PDMAAm and PAAc chains which were used in different DN hydrogels as the main
polymers for the second network structure. It was found that there was a small influence
of urea on the size distribution of PAAm and PDMAAm. For both of these polymers the
size distribution in 4 M urea concentration was just reported (Figure 3.21). In contrast,
the size distribution of PAAc chains showed different results as urea concentration
changed (Figure 3.22). The size distribution of PAAc chains showed a significant
decrease as urea concentration was increased to 2 M in the aqueous solution.
Surprisingly as urea concentration increased to 4 M concentration the size distribution
of PAAc chains increased to almost the same size as seen without the presence of urea.

92

Chapter 3 – Effects of urea on the properties of DN hydrogels

3.4.4.2 Particle size distributions of homopolymer mixtures
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Figure 3.23 Effect of 4 M urea on the size distribution of (a) PAAc/PAAm and (b) PAAc/PDMAAm
at 25 ºC.
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Figure 3.24 Effect of 4 M urea on the size distribution of (a) PAMPs/PAAm and (b)
PAMPs/PDMAAm polymer mixtures at 25 ºC.
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Figure 3.25 Effect of urea concentration on the size distribution of PAMPs/PAAc polymer mixture
at 25 ºC.

The presence of 4 M urea causes a significant change in the size distribution of the first
group of DN hydrogels with PAAc in their first network. Figure 3.23 displays a single
main peak at a medium size distribution for PAAc/PAAm and PAAc/PDMAAm
complexes in the presence of 4 M urea instead of two (Figure 3.23 (a)) or three peaks
(Figure 3.23 (b)) in the absence of urea, respectively. The presence of urea showed a
stronger effect on the PAAc/PDMAAm complex than PAAc/PAAm complex. In
general, the size distribution plot of PAAc/PDMAAm polymer mixture showed bigger
particle sizes than PAAc/PAAm polymer mixture in the absence of urea. Adding 4 M
urea to the both polymer mixtures reduced the mean size of the polymer particles.
Figure 3.24 and 3.25 shows the influence of urea on the size distribution of the second
group of polymer mixtures based on DN hydrogels with PAMPs as the first network in
their structure. The size distributions of PAMPs/PAAm and PAMPs/PDMAAm
polymer mixtures in the absence or presence of urea showed the same peak position
(Figure 3.24). The size distribution of the PAMPs/PAAc was studied in a range of urea
concentrations (Figure 3.25). In the absence of urea the PAMPs/PAAc mixture showed
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a peak at about 5000 nm as the main peak of the size distribution of the mixture. The
main peak in this polymer mixture shifted to a smaller particle size as urea
concentration was increased from 0.5 M to 1 M concentration. Then, it started to shift
towards a larger size as the urea concentration was increased from 1 M to 4 M
concentration. The main peak in the 4 M urea reached the size at about 1000 nm, which
was a bit smaller that the size without the urea.

3.4.5 Rheology measurement
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Figure 3.26 Shear stress dependence of the viscosity of polymer mixtures in semidilute solution at
T=25 ºC and 1 wt% total polymer concentration for (a) PAAc/PAAm (b) PAAc/PDMAAm (c)
PAMPs/PAAm (d) PAMPs/PDMAAm (e) PAMPs/PAAc.

In Figure 3.26, the viscosity of the polymer mixtures based on the first and second
group of DN hydrogels is plotted as a function of shear stress. Each figure contains the
viscosity of the polymer mixture and for comparison the corresponding viscosity curve
for both of the aqueous polymer solutions of the homopolymer. The viscosity of all
polymer mixtures showed an increase in comparison with the viscosity of the main
polymer solution, the polymer that formed the second network in the DN. The viscosity
for the polymer mixtures in the first group, PAAc/PAAm and PAAc/PDMAAm, was
2-10 times bigger than that of the homopolymer solutions of PAAm or PDMAAm
(Figure 3.26 (a)-(b)). In contrast, except the PAMPs/PDMAAm polymer mixture, the
increase in the viscosity of polymer mixtures for the second group, with PAMPs
polymer in the mixture, was quite small in comparison with the homopolymer solution
of PAAm and PAAc (Figure 3.26 (c)-(e)) To confirm the results and make sure that the
results in the second group of polymer solutions are real and not instrumental error, all
solutions were also prepared with 2.5 wt% polymer concentration and tested under the
same conditions.
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Figure 3.27 Shear stress dependence of the viscosity of PAAc/PAAm polymer mixture solution at
T=25 ºC and 2.5 wt% total polymer concentration.
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Figure 3.28 Shear stress dependence of the viscosity of second group polymer mixture solutions at
T=25 ºC with 2.5 wt% total polymer concentration.
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Figure 3.27 and 3.28 show the viscosity results as a function of shear stress for 2.5 wt%
polymer concentration in aqueous polymer mixture solutions. In the first group of
solutions with PAAc/PAAm and PAAc/PDMAAm solutions, the results were reported
just for the PAAc/PAAm (Figure 3.27) as the PAAc/PDMAAm mixture with 2.5 wt%
polymer concentration precipitated and viscosity measurement was not possible. The
viscosity value of the PAAc/PAAm polymer mixture in aqueous solution showed
almost 50 times decrease in comparison with the PAAm solution.
In the second group of solutions different results were obtained (Figure 3.28). The
PAMPs/PAAm solution showed about 10 times decrease in viscosity in comparison
with the viscosity of a pure PAAm solution with the same concentration, while the
viscosity of PAMPs/PDMAAm solution showed almost no change in comparison with
the PDMAAm solution. The viscosity value of PAMPs:PAAc solution represented a
small increase in comparison with the PAAc solution. The viscosity value for the
PAMPs homopolymer solution was not plotted for clarity of the graph. The viscosity
value for the PAMPs homopolymer solution was around 0.15 Pa.s for the reported range
of shear stress.
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Figure 3.29 The effect of 4 M urea on the specific viscosity of the homopolymer aqueous solutions at
T=25 ºC and 1 wt% total polymer concentration.

Figure 3.29 shows the effect of urea on the specific viscosity of homopolymers in the
aqueous solution in the absence and presence of 4 M urea. The viscosity of PAAm
showed a small increase in the presence of 4 M urea whereas, the PDMAAm showed
the same specific viscosity in the presence and absence of urea. The specific viscosity of
PAAc showed the biggest increase in going from an aqueous to a 4 M urea
concentration solution (~ 5 times increase).
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Figure 3.30 The effect of 4 M urea on the specific viscosity of polymer mixtures in the first group at
T=25 ºC and 1wt% total polymer concentration. Empty symbols and filled symbols represent the
solutions without urea and with 4 M urea concentration respectively.

In Figure 3.30 and 3.31 the effect of 4 M urea on the specific viscosity of polymer
mixtures is plotted as a function of the shear stress. All the mixtures except
PAMPs/PDMAAm showed a greater viscosity in the presence of 4 M urea than in pure
water. The specific viscosity of the PAMPs/PAAm solution increased almost 10 times
in the presence of 4 M urea. The PAMPs/PDMAAm solution showed the same specific
viscosity in the presence and absence of urea (Figure 3.31). The PAMPs/PAAc solution
showed small increase as urea was added to the solution.
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Figure 3.31 The effect of 4 M urea on the specific viscosity of polymer mixtures in the second group
at T=25 ºC and 1 wt% total polymer concentration. Empty symbols and filled symbols represent
the solutions without urea and with 4 M urea concentration respectively.

The pH of the polymer mixture solutions was measured by pH meter after adding 4 M
urea. It was found that the pH of the PAMPs/PAAc solution increased in the presence of
4 M urea. The pH of aqueous solutions is correlated with the ionization level of the
acidic groups. To explore the effect of ionization on the PAMPs/PAAc mixture a
sample with the same pH, as the one measured after adding 4 M urea, was prepared by
adding enough 0.1 M NaOH solution to the aqueous solution of the PAMPs/PAAc
polymer mixture. The pH of solution was checked with a Macrocomputer pH-meter
(Hanna instruments, USA).
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Figure 3.32 The effect of NaOH on the specific viscosity of the PAMPs/PAAc polymer mixture at
T=25 ºC and 1 wt% total polymer concentration.

In Figure 3.32, the effect of NaOH on the specific viscosity of PAMPs/PAAc solution is
compared with effect of adding urea. The data revealed that the PAMPs/PAAc solution
had the same specific viscosity in the presence of 4 M urea and without urea but with
enough NaOH to give the same ionization level.

3. 5 Discussion
3.5.1 Swelling studies
Gel swelling is controlled by the compatibility of the polymer network structure with
the aqueous solvent. The hydration of polymer networks is related to the stabilization of
hydrogen bonding onto the hydrophilic groups of the polymer chains. In this part of the
thesis the effect of urea concentration on the swelling behaviour of the single and
double networks of different hydrogels was studied. The equilibrium swelling for all the
single networks, except the PAMPs single network, showed an increase in urea solution
in comparison with swelling in water.
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The reason for the increasing in swelling in the presence of urea is the hydrophilic
character of urea molecules. Urea molecules are able to form hydrogen bonds with the
available sites on the polymer chain [26]. The urea molecule has more hydrophilic sites,
as NH2 and C=O, than water. Therefore the urea molecule has a great ability to interact
with much water through hydrogen bonding of the three potential centres on each urea
molecule and water [28-30]. So, in the presence of urea the available site for hydrogen
bonding on the polymer chain, instead of interacting with one molecule of water
interacts with two or more molecules of water through interacting with one urea
molecule. Hence, urea is increases the solubility of polymer chain, so there was higher
swelling in urea solutions than in water. Therefore urea can form hydrogen bond with
available site on PAAm and PDMAAm to increase their swelling ratio in aqueous urea
solution (Figure 3.3 and 3.4).
On the other hand, urea shows the characteristic of a weak base in aqueous solution.
Karadag E., et al [28] studied the effect of urea on the swelling behaviour of copolymer
hydrogels of acrylamide (AAm) and crotonic acid (CA) monomers. They showed that
the value of the equilibrium swelling of a poly (AAm-co-CA) hydrogel in urea solution
was bigger than that for the hydrogel swollen in water. They showed that the urea
solution will act as a weak base, which interacts strongly with the carboxylic acid of
crotonic acid (CA) in the poly (AAm-co-CA) hydrogel. The same effect was seen for
the PAAc single network (Figure 3.2 and 3.5). The hydrophilic character of urea and
also the behaviour of urea as a base group caused a significant increase in the
equilibrium swelling of PAAc as the urea concentration was increased. Urea interaction
with carboxylic groups on PAAc chains via hydrogen bonds has two possible effects on
the PAAc network. Firstly, urea increases the solubility of PAAc chains by introducing
more water into the PAAc network as a strongly hydrophilic substitute. Secondly,
PAAc is known to form strong hydrogen bonds between its carboxylic groups along the
chains in aqueous solution [31, 32]. The presence of urea in PAAc network disturbed
the intrapolymer complexes formed by hydrogen bonding within the PAAc network and
consequently increased the swelling as a result of decreasing the effective cross-link
density of the network [33]. But in the PAAc single networks with high and low crosslinking density, a small decrease in swelling degree of the polymer network was
observed after adding more than 2 M or 1 M urea respectively. Even though this
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decrease was not big it was clear that increasing the urea concentration to a higher value
had an opposite effect on the degree of swelling. A possible explanation is that urea
introduced interpolymer hydrogen bonds in to the PAAc network by forming a bridge
between two polymer chains via hydrogen bonding. Although there was a lot of crosslinker in the PAAc single network with the high cross-link density (Figure 3.1 and 3.2),
the network was not as tight as was expected. It is possible that some chains terminated
during the polymerization causing the high degree of swelling. As urea concentration
increased the chains became really straight and degree of swelling increased.
The PAMPs single network was the only single network that showed a small decrease
in equilibrium swelling as urea was added to the water. This can be explained by the
effect of urea on the dielectric constant of the media. The swelling force of the gel is the
osmotic pressure (ΔΠ) between the gel and the external solution [34]. In the distilled
water, ΔΠ is mainly determined by the differences in ion concentrations (ΔΠion)
between the gel and the external solution. Adding urea to the distilled water increases
the dielectric constant of the solution [27, 29, 35], and the dielectric constant of the
solution directly affects the ionization degree of ionic groups that determine the
difference in ion concentrations between the gel and the external solution. The sulfonic
groups on the PAMPs chains in distilled water are almost fully ionized and strong
electrostatic repulsion force between two charges within or between polymer chains are
present. By adding 0.5 M urea to the distilled water the dielectric constant of solution
was increased a small mount. So the ionization degree of sulfonic group in the presence
of 0.5 M urea is expected to be quite close to that in water. However according to
Coulomb‟s law, the electrostatic force between two charges is inversely proportional to
the dielectric constant of the medium, so due to the increase in dielectric constant the
repulsion force between charged groups on the PAMPs chains decreases slightly.
Hence, the swelling degree of the PAMPs network was slightly deceased. With a further
increase in urea concentration, the dielectric constant of the mixtures increased quickly,
and the difference between the mixture and distilled water increases. So the ionization
degree of the sulfonic group increases, this fact causes an increase in ΔΠion. But, as it
mentioned before, the ionization degree of the sulfonic groups in aqueous solution is
already big and further ionization is going to be quite small. This can explain a small
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influence of the urea concentration on the equilibrium swelling of PAMPs network
(Figure 3.3 – 3.5).
As mentioned before, urea is known as a structure breaker that weakens the
complexation between two networks due to disruption of intermolecular hydrogen
bonding [18, 36]. If the hydrogen bonding has an essential contribution to the whole
polymer hydration, it would be significantly affected by addition of high urea
concentration to the swelling environment. So, by adding urea to the media a significant
change in the swelling behaviour of the DN gels would be expected if the hydrogen
boding interaction is present in the DN gel structures.
The PAAc:PAAm and PAAc:PDMAAm DN hydrogels showed different equilibrium
swelling behaviour in comparison with their single polymer networks (Figure 3.1 and
3.2). The difference between the PAAc single network (first network) and the DN gels
may be significant. However if the calculation was done based on the amount of the
water present in the swollen state of the single and DN gels, it was found that the
PAAc:PAAm DN gel swelled between 2-7 % and the PAAc:PDMAAm DN gel swelled
between 2-3 % less than the PAAc single network in the range of urea concentrations.
Even though the single second network of these two DN hydrogels (PAAm and
PDMAAm) showed a smooth increase in equilibrium swelling as urea concentration
was increased, the equilibrium swelling for these two DN hydrogels exhibit different
trends. The equilibrium swelling showed a constant increase as urea was added to the
media till 2 M and 1 M for PAAc:PAAm and PAAc:PDMAAm respectively, after that
both showed a sudden decrease in equilibrium swelling as urea concentration was
increased to 4 M (Figure 3.1 and 3.2). In these two DN hydrogels the hydrogen bonds
between the two networks make an essential contribution to the swelling behaviour of
the DN hydrogel [18, 20]. Ilmain et. al [18] reported that a discontinuous volume
transition of an interpenetrating network of PAAm and PAAc by changing the
temperature was not observed in the presence of 1 M urea, which was attributed to the
well-known ability of urea to disrupt hydrogen bonding between two polymers. In the
present study, the equilibrium swelling of PAAc:PAAm and PAAc:PDMAAm showed
the increase with increasing of urea concentration up to 2 M. The effect of disruption of
intermolecular hydrogen bonding is more pronounced in the PAAc:PDMAAm DN
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hydrogel (Figure 3.2) due to stronger hydrogen bonding between the PAAc and
PDMAAm networks than PAAc and PAAm networks [20]. Figure 3.1 and 3.2 show a
small decrease in equilibrium swelling as urea concentration was increased from 2 M to
4 M. The reason for this small decrease is not clear.
On the other hand, PAMPs:PAAm and PAMPs:PDMAAm showed a small increase in
the equilibrium swelling as urea concentration was increased. These DN hydrogels
showed the same pattern which was observed for PAAm and PDMAAm single
networks (Figure 3.3 and 3.4). This is related to the fact that in all DN hydrogels in the
first group the second network which is the dominant polymer network (~ 97 %) is
confinement in the highly cross-linked first network (cross-linker uses 4 mol% of
monomer). So, the swelling equilibrium is constrained by the first network. The single
network of second network for each hydrogel can swell to a higher extent as it has a low
cross-link density (0.1 mol% of monomer) and it is not confines as it is in a DN
hydrogel.

3.5.2 Mechanical property studies
In this part the possible complexation via hydrogen bonding between the networks or
within a network in DN hydrogels was studied by tensile and tearing tests while
different concentrations of urea were added to the swelling media of the DN hydrogels.
Before looking at the results of mechanical tests in the two groups of DN hydrogels, it is
worthwhile to consider the available groups on each polymer chain in this study which
can form hydrogen bonding with appropriate proton donor or acceptor groups.
PAMPs chains have two possible groups to form hydrogen bonding, the sulfonic group
(-SO3H) and the amide group (-CONH). It has been well studied in a past that strong
polyacids like PAMPs will be fully ionized in aqueous solutions [37, 38]. The
dissociation of sulfonic groups will be complete in pure water and it will be
uncomplexable as a proton donor. Hence, the available group on PAMPs in pure water
is the sulfonate unit (-SO3ˉ) which is a strong proton acceptor (Figure 3.33). The amide
group on a PAMPs side chain will be less likely to form strong hydrogen bonding as a
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result of rather big steric hindrance of main chain and sulfonic group. In this study the
amide group on the PAMPs chain is assumed to have small effect on the hydrogen
bonding density in the DN gel structure.
The available proton donor site on the PAAc chains, as it is a weak polyacid, is
dependent on the degree of self-dissociation or ionization of this polymer [15, 39-41].
The carboxylic group can form hydrogen bonds with the hydrogen bonding acceptor
groups, whereas acrylate groups cannot interact as a proton donor and behaves as an
inactive group (Figure 3.34). The carbonyl group on the PAAc chains always acts as a
proton acceptor.
PAAm chains have the amide group as an available site for hydrogen bonding as a
proton donor (Figure 3.35) and both PAAm and PDMAAm chains can form hydrogen
bonding via the carbonyl group as a proton acceptor (Figure 3.35 and 3.36).
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Figure 3.33 PAMPs chains with the sulfonate and amide group.
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Figure 3.34 PAAc chains with (a) the carboxylic group as an active proton donor and (b) the
acrylate group as an inactive proton donor sites.
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As it mentioned, in this study urea was used as a hydrogen bond disrupter. Urea is well
known as a chaotropic agent that can disrupt hydrogen bonding by forming hydrogen
bonds with both proton donors and acceptors [42]. As urea was added to the media, it
was expected to disrupt the hydrogen bonds in the DN hydrogels by forming more
desirable hydrogen bonds with both proton donor and acceptor sites on the polymer
chains. If the interpolymer hydrogen bonding is an important source for enhancing the
mechanical properties of any DN hydrogel, a significant decrease in the mechanical
properties of DN hydrogel is expected in the presence of urea. The effect of urea
concentration on the inter- and/or intrapolymer hydrogen bonding and mechanical
properties of DN hydrogels is discussed in the following section.
3.5.2.1 First group of DN hydrogels
Both the DN hydrogels in first group showed roughly similar trends for the tensile and
tearing test results. PAAc:PAAm and PAAc:PDMAAm showed a continuous decrease
in stress-at-break (σbreak) and strain-at-break (εbreak) as urea concentration was increased.
PAAc as a proton donor is a well known to form complexes with PAAm or PDMAAm
via hydrogen bonding [18, 21, 43]. Addition of urea, which is known to break hydrogen
bonding and hydrophobic interaction, would be expected to lead to hydrogen bond
dissociation between the first and second networks in these two DN hydrogels. So,
weak DN hydrogels would be expected in the presence of urea than in the absence of it
if the hydrogen bonding between first and second networks in DN hydrogel plays an
important role in enhancing the mechanical properties of the materials. Both DN
hydrogels revealed a meaningful decrease in their mechanical properties as urea
concentration was increased. The mechanical strength of both networks was decreased
significantly by breaking the hydrogen bond interaction between two networks implying
that hydrogen bonding was a main source of strength in these two DN hydrogels. The
lost of mechanical strength is more pronounced in the PAAc:PDMAAm gel as a
consequence of a stronger hydrogen bond between PAAc and PDMAAm than PAAm
[20].
A small increase of tensile moduli for the PAAc:PAAm DN gel can be a consequence
of the increase in equilibrium swelling of the first network. As stated earlier, urea is
forming hydrogen bond with available proton donor or acceptor sites on the polymer
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chains. As urea shows characteristics of weak base as well [28] in aqueous solutions, in
a system with the presence of PAAc and PAAm chains, the complexation of urea with
PAAc is more probable than with PAAm. As urea concentration was increased, the DN
gel swelling is going to increase. Hence, the tensile moduli of the DN hydrogels were
increased with increasing the urea concentration. The effect of urea concentration on the
stress-strain profiles of PAAc:PAAm DN hydrogels is plotted on Figure 3.37. At the
early stage of the elongation, the stress increases quite slowly with the extension and a
long “toe” was observed in the stress-strain curve. In any mechanical test the highly
cross-linked network is the main network that bears the load and resists the deformation
in the DN hydrogel. The long “toe” in an early stage of elongation in a tensile test is the
manifestation of a not highly stretched network. In the PAAc:PAAm DN hydrogel as
the urea concentration was increased the swelling ratio of PAAc network which carries
the load was increased (see the discussion on swelling) and consequently the first part
of curve started to become shorter and Young‟s modulus increased. The similar
phenomenon was expected in the PAAc:PDMAAm DN hydrogel. However, it was quite
hard to see the same effect in the PAAc:PDMAAm network as the Young‟s modulus
results showed a large errors as a consequence of the weakness of the material.
The fracture energy (Gc) for both systems (Figure 3.16) showed a continuous decrease
as urea concentration was increased. These results are good evidence for the loss of
hydrogen bonding between two networks as urea concentration increased, while the
degree of swelling did not show big changes as urea was increased.
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Figure 3.37 Loading curves of the PAAc:PAAm DN hydrogel under uniaxial elongation at the
elongation velocity of 10 mm/min for DN gels swollen in different concentration of aqueous urea
solutions.

3.5.2.2 Second group of DN hydrogels
Figure 3.10 and 3.11 show that the stress-at-break (σbreak), strain-at-break (εbreak) and
moduli of the PAMPs:PAAm DN hydrogels were found to be almost independent on
the concentration of urea. The data on stress-at-break (σbreak) and Young‟s moduli
showed a small decrease when urea concentration was increased to the high
concentration of 4 M. The two possible hydrogen bond interaction in PAMPs:PAAm
DN hydrogel are: (1) interaction between PAMPs and PAAm via the sulfonate group
(–SO3-) or amide group (-CONH-) on PAMPs and the amide group (–CONH2) on
PAAm [12, 13] (2) intrapolymer interaction via hydrogen bonding in PAAm network
between amide groups in water [44-46]. Urea is breaking the both hydrogen bonding in
the PAMPs:PAAm DN hydrogel. If the interpolymer hydrogen bonding was the main
reason for the mechanical properties of the PAMPs:PAAm DN hydrogel, a decrease in
the mechanical properties was expected as urea concentration was increased. The
mechanical test results in this DN were almost independent to the urea concentration.
The intrapolymer hydrogen bonding between amide groups of PAAm should be broken
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in the presence of urea. The small decrease in stress-at-break (σbreak) at 4 M urea
concentration can be as a result of PAAm intrapolymer interaction disruption by a high
concentration of urea. Zhang et. al. [47] studied the effect of urea on PAAm chains
interaction by using an atomic force microscopy based technique, single–molecule force
spectroscopy (SMFS), with high spatial resolution and extreme force sensitivity. They
showed that the intramolecular hydrogen bonding in the PAAm chain via hydrogen
atoms of the amino group and the oxygen atoms in carboxylic group was destroyed by
using 8 M urea solution. Figure 3.17 shows a small effect of urea on the fracture energy
(Gc) for PAMPs:PAAm DN hydrogel as well. This result is in good agreement with
almost insensitivity of the DN hydrogel to the concentration of urea.
In general the mechanical test results revealed that the contribution of the hydrogen
bonds between the two networks, if it exists, to the toughening mechanisms and energy
dissipation for crack propagation of PAMPs:PAAm DN was small.
Similarly in the PAMPs:PDMAAm DN gel, urea had small influence on the mechanical
properties of DN (Figure 3.12 and 3.13). The possible complexation in this network is
between oxygen of carbonyl group (-CO) on PDMAAm and amide group (-CONH-) on
a side chain of PAMPS group. The intrapolymer interaction in PDMAAm network can
not happen.
A small effect of increasing the urea concentration on the stress-at-break (σbreak) and
strain-at-break (εbreak) was observed for the PAMPs:PDMAAm DN gel which was not
clearly beyond the error bars (Figure 3.12). The initial and secondary moduli showed a
bit different value in low and high urea concentration (Figure 3.13). A small increase in
moduli can be as a result of a small increase in the equilibrium swelling of the
PAMPs:PDMAAm DN as urea was added to the media (Figure 3.4). Increasing the
degree of swelling increased the straightening of the chains in the tight network of the
DN gel and consequently, increased the modulus.
By comparing the results for PAMPs:PAAm and PAMPs:PDMAAm DN gels, it can be
seen that a small drop on stress-at-break (σbreak) and moduli at 4 M urea concentration
was not observed in the PAMPs:PDMAAm DN. A small drop for σbreak and moduli for
the PAMPs:PAAm DN at high urea concentration can be as a result of breaking the
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intrapolymer hydrogen bonding in PAAm network. This decrease is not happening in
PAMPs:PDMAAm DN as PDMAAm is not able to perform intrapolymer hydrogen
bonding.
Tearing test results suggested that the fracture energy (Gc) was independent of the urea
concentration in the PAMPs:PDMAAm DN hydrogel (Figure 3.17). The result for Gc
was with a good agreement with the tensile mechanical test results that revealed the
absence of the contribution of hydrogen bonding on the mechanical properties of
PAMPs:PDMAAm DN gel.
In general, the PAMPs:PDMAAm DN hydrogel did not show a significant presence of
hydrogen bonding in the DN hydrogel or its contribution on the toughening mechanisms
and mechanical properties enhancement.
On the other hand, PAMPs:PAAc DN hydrogels showed a quite different trend from
those of the other two DN hydrogels in the second group of DN hydrogels. In contrast
with other two networks in this group, significant changes were observed as urea
concentration was increased. The stress-at-break (σbreak) and Young‟s modulus for
PAMPs:PAAc DN hydrogel showed different trends as urea concentration was
increased to 1 M and then from 1 to 4 M urea concentration. This is a rather unexpected
result given the swelling behaviour of the DN gel (Figure 3.5). It was expected that,
with increasing the swelling of the DN gel by almost a factor of 2 from 1 M to 4 M urea
concentration, the σbreak would decrease as a results of polymer dilution. Also, although
the swelling degree of DN gel stayed constant when the urea concentration was
increased from 1 to 2 M concentration, the σbreak showed a significant increase from
0.15 MPa to 0.24 MPa. The same trend was observed for tensile moduli of the
PAMPs:PAAc DN gel.
These results suggest two different effects of increasing urea concentration in possible
inter- and intrapolymer complexation in the PAMPs:PAAc DN. The two possible interand intrapolymer complexations via hydrogen bonding in this system are: (1) the
hydrogen bonding between the sulfonate unit (–SO3-) of the PAMPs and the carboxylic
group (-COOH) of the PAAc [48] and, (2) the hydrogen bonding between the
carboxylic groups on the PAAc chains [31, 46, 49].
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In a presence of water, two dissociation equilibria are expected to occur in the
PAMPs:PAAc double network structure:
SO3H

SO3 - + H +

(1)

COOH

COO - + H +

(2)

The first one is related to the PAMPs sulfonic groups and the second one is the carboxyl
groups on PAAc chains.
In pure water, a strong polyacid like PAMPs will be fully ionized. Therefore, a
complete dissociation of the sulfonic acid group will occur; especially when the DN
consists of a low concentration of sulfonated monomers (< 4 %) in comparison with the
other polymers. Such dissociated groups will not undergo any hydrogen bond
complexation as a proton donor. On the other hand the PAAc, which is a weak
carboxylic acid, will be partially ionized in pure water. The degree of dissociation, α,
for a weak polyacid define as:
α = [COO -] [H +] / [COOH]

Potentiometric titration by Nagasawa et. al. [50] showed that at pH=5.7 the degree of
dissociation is quite low (α ≈ 0.3). According to the acid-base equilibrium for a weak
acid at a low pH most of the acid units should be in the protonated form and at high pH
in the ionized form. However, in the current DN, the presence of sulfonic groups
increases the concentration of free H+ in the solution and shifts the equilibrium (2)
towards the acidic form (COOH) in pure water. Based on the above discussion, the only
way that PAAc and PAMPs network can have any hydrogen bonding is via sulfonate
groups of PAMPs and carboxylate groups of PAAc. M‟Bareck et. al. [48] studied the
polymer compatibility of PAAc and poly(sodium styrene sulfonate) (PSSNa) with
attenuated total reflection-Fourier transform infrared (atr-FTIR) and differential
scanning calorimetry (DSC) techniques. They showed the presence of hydrogen
bonding between –COOH groups as a proton donor with –SO3ˉ groups as a proton
acceptor.
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Adding urea to the media is breaking the both inter- and intrapolymer hydrogen bonding
in the PAMPs:PAAc DN system. As the urea concentration was increased from
0 to 1 M concentration, the hydrogen bonding interaction in the PAMPs:PAAc DN
hydrogel was broken and consequently the stress-at-break (σbreak) and both tensile
modulus (E1 and E2) showed a continuous decrease (Figure 3.14 and 3.15). Above 1 M
urea concentration the stress-at-break (σbreak) and tensile moduli (E1 and E2) showed a
significant increase. One reason for the increase of the tensile moduli above 1 M urea
concentration can be a significant increase in equilibrium swelling for PAMPs:PAAc
DN hydrogel in this region (Figure 3.5). The equilibrium swelling showed a bigger
increase after 1 M urea concentration as probably all the hydrogen bonds between the
two networks were broken and DN can swell more in a same way that any network with
less cross-linking will swell to greater degree than a polymer network with larger crosslink density [51].
Another hypothesis for increasing the σbreak and tensile moduli above 1 M urea
concentration is the formation of new interpolymer hydrogen bonding at the high
concentration of urea in PAAc network. The possible explanation is in the presence of
concentrated urea aqueous solution a complexation between carboxylic groups in the
PAAc network was increased by using urea as a bridge via hydrogen bonding. The
presence of hydrogen bonding in DN hydrogel supported the first network (PAMPs)
load bearing to higher degree and increased the moduli of DN hydrogel.
The strain-at-break (εbreak) showed almost the same extension till 1M and decreased a bit
as urea concentration was increased from 1 M to 4 M (Figure 3.14). It is expected that
with increasing the load bearing capacity of DN the first network in DN stand to higher
extension and it fails at bigger strain. But in this DN the lost of complexation between
two networks as a form of hydrogen bonding has a small influence on strain-at-break
(εbreak).
The fracture energy (Gc) results are in a good agreement with the hypothesis of
disrupting and reforming the hydrogen bonding in PAMPs:PAAc DN hydrogel. Tearing
test results showed 1 M urea concentration as a critical concentration with lowest
fracture energy for DN hydrogel (Figure 3.18). The results showed a continuous
decrease in Gc before 1 M urea concentration followed with a continuous increase in
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fracture energy till 4 M urea concentration. The same discussion proposed above for
stress-at-break (σbreak) and tensile moduli can be applied for the facture energy as well.
The PAMPs:PAAc DN hydrogel showed quite different stress-strain curves from those
of the PAMPs:PAAm or PAMPs:PDMAAm DN hydrogels. In Figure 3.38 the
stress-strain curves are plotted for PAMPs:PAAc DN hydrogel specimens that were
swollen in aqueous urea solution with different concentrations.
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Figure 3.38 Loading curves of the PAMPs:PAAc DN hydrogel under uniaxial elongation at an
elongation velocity of 10 mm/min for DN gels swollen in different concentrations of aqueous urea
solutions.

At the early stage of the elongation, the stress increased with the extension. When the
stress reached the critical value σc (it depends on the urea concentration), the elongation
continued while the elongation stress (almost same as σc) hardly increased. This
phenomenon was observed more strongly at intermediate urea concentration. This is a
kind of plot is expected in necking system [11, 52]. Neither of PAMPs:PAAm or
PAMPs:PDMAAm, showed this phenomenon in their loading curves. These results
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suggested that the ability of DN gels to neck can be related to the second network and
the complexation within this network.
In general, the first group with the expected interpolymer hydrogen bonding between
the two networks showed a strong dependency of mechanical properties on the urea
concentration. The second group of the gels, except the PAMPs:PAAc DN hydrogel,
showed almost insignificant change in their mechanical properties as the urea
concentration was increased. The mechanical properties results revealed a possible
importance of the presence of intrapolymer hydrogen bonding in the enhancement of
mechanical properties of DN hydrogels.

3.5.3 Light transmittance studies
Urea dependence of the transmittance of mixed polymer solutions is a well used way to
record any changes in polymer-polymer complexation via hydrogen bonding [21, 25,
53]. When a polymer-polymer complex is formed due to hydrogen bonds, the polymer
solution becomes turbid due to the aggregation of the polymer-polymer complexes. By
changing the amount of hydrogen bonding in the mixed polymer solutions, the turbidity
of the solutions will be changed and this change can be traced with the light
transmittance technique.
The urea dependencies of light transmittance of mixed polymer aqueous solutions are
shown in Figure 3.19 and 3.20. Addition of urea, which is known to break the hydrogen
bonding interaction between the two polymers, increases the light transmittance in the
solutions of the first group and just in the polymer mixture solution of the
PAMPs/PAAc from the second group. A big effect of urea on the light transmittance of
PAAc/PDMAAm mixture was observed as urea concentration was increased to 4 M.
These results revealed a stronger complexation between PAAc/PDMAAm than
PAAc/PAAm which is in a good agreement with the Aoki and co-workers study [20].
By comparison the light transmittance results from the first and second groups, it can be
concluded that the PAMPs/PAAc polymer mixture from the second group was the only
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polymer mixture solution in this group to indicate the presence of hydrogen bonding as
was observed in the polymer mixture solutions of the first group.

3.5.4 Particle size studies
The Zetasizer system was used to determine the particle sizes in aqueous solutions of
the homopolymers or polymer mixtures. The Zetasizer technique determines the size by
first measuring the Brownian motion of the particles in a sample using Dynamic Light
Scattering (DLS) and then interpreting size from that. Brownian motion is the random
movement of particles in a liquid due to the bombardment by the molecules that
surround them, so the polymer particles in an aqueous liquid move around randomly
and their speeds of movement are used to determine the size of the polymer particles. It
is known that small particles move quickly in liquid and large particles move slowly.
So, size can be determined based of the variation of particle position over a very short
interval of time. All the size distribution graphs showed multiple peaks for
homopolymers or polymer mixtures that can represent the presence of a range of
molecular weights in aqueous homopolymers or polymer mixtures. The polymer chains
with different molecular weights, and hence particle size, had different diffusion speeds
and consequently appear as different size distribution peaks in the Zetasizer profile. The
main interest of this study was monitoring the effect of urea on the size distribution
profile of homopolymers or polymer mixtures. So, the results were acceptable as long as
the shift to a larger or smaller size was noticeable and the main peaks were present in
the size distribution profile.
The size distribution of homopolymer chains and polymer mixtures based on the
different DN gel structures was studied as urea was added to the aqueous mixture in a
range of concentrations. It is expected that, with increasing the interaction between two
polymer chains in their aqueous mixture, the related size distribution peak shifted to the
larger size and the opposite effect should be seen with decreasing the interaction
between two polymer chains [21, 54].
The size distribution for polymer chains in the first group of polymer solutions, with
PAAc as a first homopolymer, showed the same pattern for both PAAc/PAAm and
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PAAc/PDMAAm aqueous solutions. The interpolymer complexes via hydrogen
bonding between PAAc and PAAm or PDMAAm have been studied extensively in a
past [17-21]. In these two systems the interpolymer hydrogen bond is formed between
the carboxylic group of PAAc as proton donor and carbonyl group of PAAm or
PDMAAm as proton acceptor. For both PAAm and PDMAAm polymer chains a second
peak at a large size (~ 800 nm) appeared in the size distribution graph when PAAc was
added to the aqueous solution (Figure 3.23). The higher intensity of the second peak in
the PAAc/PDMAAm mixture, also showing a larger particle size, was observed in
comparison with the PAAc/PAAm mixture (Figure 3.23).This relatively big peak at
larger particle size was related to the formation of a more stable interpolymer
complexation via hydrogen bonding between PAAc and PDMAAm polymer chains
than PAAc and PAAm [20] and consequently greater aggregation in the solution of the
mixed polymer. Addition of urea as a hydrogen bond breaker and interrupter of
hydrophobic interaction decreased the size distribution of the polymer mixtures. And
consequently, in a presence of 4 M urea concentration, the second peak at larger size
distribution for both PAAc/PAAm and PAAc/PDMAAm mixtures disappeared
(Figure 3.23).
The size distribution of polymer mixtures in the second group of solutions (PAMPs as a
first homopolymer) in the presence and absence of urea were rather different when
PAAm or PDMAAm were used as the second polymer than when PAAc was used. The
size distribution of the PAMPs/PAAm and PAMPs/PDMAAm polymer mixtures
showed almost the same range as a homopolymer solution of PAAm or PDMAAm
(Figure 3.21 and 3.24). These results suggested that the interaction between two
polymers is not really strong if it existed. This hypothesis was confirmed when urea was
added to both the mixture solutions to get 4 M concentration and the results showed
almost the same size distribution peak in a presence and absence of urea (Figure 3.24).
In contrast the PAMPs/PAAc mixture showed a bigger polymer size in the
PAMPs/PAAc polymer mixture (~ 5000 nm) than the polymer chain size of the homopolymer solution of PAAc (~ 1000 nm) in distilled water (Figure 3.22). A big change in
the particle size distribution of PAMPs/PAAc polymer mixture aqueous solution was
observed as urea concentration was increased from 0 to 4 M concentrations
(Figure 3.25). The homopolymer solution of PAAc showed a decrease in a particle size
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distribution by adding urea at more than a 0.5 M concentration (Figure 3.22).
Polyacrylic acids are known to form strong hydrogen bonds -cyclic dimers and
oligomeric associated structures- between their carboxylic groups along the chains
[16, 55] (Figure 3.39). Furthermore, hydrogen bonds between protonated carboxylic
groups persist even in aqueous solution. Tanaka et. al. [31, 32] studied the presence of
hydrogen bonds in PAAc aqueous solution by applying infrared and Raman
spectroscopic techniques. They reported the dimerization constant; KD, between
carboxyl groups in poly(acrylic acid) and its monomer analogue in H2O and D2O. They
showed that the KD is depended on polymer concentration and its chemical structure. By
adding enough urea the intermolecular complexes between PAAc chains dissociated and
consequently the size distribution of PAAc homopolymer chains decreased to 100 nm in
a presence of 1 M urea from almost 1000 nm in the absence of urea. It is interesting that
the size distribution of polymer chains was increased to 1000 nm (almost like a PAAc
size distribution in the absence of urea) when the urea concentration was increased to 4
M in the aqueous solution of PAAc. The same pattern was observed for the
PAMPs/PAAc polymer mixture (Figure 3.25). The size distribution of the polymer
mixture decreased as the urea concentration was increased from 0 to 1 M concentration
and it started to increase above 1 M urea concentration. The main peak in the size
distribution profile reached 1000 nm at 4 M concentration. This unexpected increase in
the size distribution profile can confirm the hypothesis of the formation of new
interpolymer hydrogen bonding at the high concentration of urea in the PAAc network
through the urea as a bridge.
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Figure 3.39 Four possible forms of hydrogen bonds between carboxylic acid groups on the PAAc
polymer chains: (a) cyclic dimer, (b) terminal and (c) inner COOH groups in oligomeric forms [55].

3.5.5 Rheology studies
The rheological study was conducted to obtain a better understanding of the formation
of hydrogen bonding interpolymer complexation and the effect of urea on polymer
solution mixtures.
Polymeric liquids possess viscosity, which is regarded as a measure of the resistance of
flow. The viscoelastic behaviour of polymer mixtures can be studied in the semidilute
regime above the critical concentration at which inter- and/or intrapolymer interaction
begin to dominate the steady shear flow measurement. Below the critical concentration,
in the dilute regime, polymer solutions would be expected to act as Newtonian fluids,
with no variation in viscosity as a function of shear rate or shear stress. At concentration
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above the critical concentration there would be expected to be a distinct shear thinning
effect [56]. The decreasing trend of viscosity with increasing the shear rate or shear
stress occurs when the stretching and disentanglement of the overlapping chains become
faster than their ability to reform association.
One of the methods to study the presence of hydrogen bonding complexes between two
polymer chains is to examine the viscosity of their aqueous mixtures as a function of
shear rate or shear stress [24, 38, 39, 57-59]. In dilute or semidilute solutions of polymer
mixtures, by increasing the ratio between polybase/polyacid [38, 39] or controlling of
the

formation-dissociation

of

the

hydrogen

bonding

interpolymer

complex,

e.g. via changing the pH of the solution [24, 59], the shear viscosity (η) or specific
viscosity (ηsp) of polymer mixtures can show an increase in comparison with the
viscosity of each individual polymer solution. It is worthwhile to mention that a
pronounced thickening through hydrogen bonding interpolymer complexation is
observed very rarely and has been observed only in mixtures of high molecular weight
uncharged polybases with copolymers of acrylic acid with a highly charged acid
comonomer [38, 39, 57, 59].
3.5.5.1 Steady shear flow measurement of polymer mixtures
In Figure 3.26, the viscosities of mixtures of each pair of polymers which were used to
make the different DN hydrogels in this study are plotted as a function of shear stress.
For the sake of comparison the corresponding curves of the pure polymer solutions was
also plotted. All polymer aqueous solutions were prepared as explained in experimental
section from 1 wt% polymer solution stocks. The viscosity of all polymer mixtures
showed a small increase in comparison with the pure polymers. The increase for
polymer mixtures with PAMPs was quite small. Therefore, it was quite hard to be sure
that the viscosity results were real and not in the error range of the instrument. Hence,
more concentrated solutions of two polymer mixtures were prepared and tested. Under
these experimental condition 2.5 wt% was the maximum concentration with which it
was possible to obtain well mixed homogenous solution. Figure 3.28 and 3.27, show the
viscosity results as a function of shear stress for the 2.5 wt% polymer solutions.

123

Chapter 3 – Effects of urea on the properties of DN hydrogels

The viscosity results for the first group of polymers mixtures which is related to the first
group of DN hydrogels showed a phenomenon that was explained by Ilipoulos [38]. In a
concentrated solution of polyacid/polybase aqueous polymer mixture, with the strong
possibility of hydrogen bonding, either a very low viscosity or precipitation is observed
as a result of strong polymer complexation via hydrogen bonding between two
polymers. The PAAc/PAAm polymer mixture at 2.5 wt% concentration turned opaque
and showed almost 50 times lower viscosity than pure PAAm solution. For the
PAAc/PDMAAm polymer mixture, after adding the polybase to the polyacid, phase
separation occurred and bulk solid particles were appeared and precipitated
(Figure 3.40). Hence, no viscosity measurement was possible. Based on this observation
stronger hydrogen bonding was formed between PAAc/PDMAAm than PAAc/PAAm
mixture which is with a good agreement with previous study [20].

(a)

(b)

Figure 3.40 (a) PAAc/PAAm and (b) PAAc/PDMAAm polymer mixtures with 2.5 wt% total
polymer concentration.

In the second set of polymer solutions (Figure 3.28) related to the second group of DN
hydrogels, the PAMPs/PAAm solution showed lower viscosity than the pure PAAm
solution. The decrease in viscosity of polybase/polyacid mixtures when the ratio of
polybase to polyacid is smaller than one is considered to be caused by the shrinkage of
the polymer chains, because electrostatic repulsion is weakened by complex formation.
At the same time the hydrophobicity of polymer chains becomes larger as a result of
shielding the hydrophilic group on the compact polymer chains [15]. As mentioned
earlier (the discussion on mechanical tests) in the PAMPs/PAAm polymer mixture the
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PAAm acts as a proton donor and it has the bigger portion in polymer mixture, so the
polybase (proton acceptor) to polyacid (proton donor) is going to be smaller than one in
this mixture.
The PAMPs/PDMAAm mixture showed the same viscosity as the pure PDMAAm
solution. Therefore, in this system complexation between two polymer chains does not
exist.
The PAMPs/PAAc solution showed a bigger viscosity than the pure PAAc solution.
Before investigating a possible reason for the PAMPs/PAAc solution showing this
viscosity, it should be mentioned that this is the only solution in this group which turned
opaque and it precipitated after leaving for more than a day (Figure 3.41). If the
concentration and the molecular weight of the polymers are sufficiently high, the
complexation between proton donor and acceptor polymers may lead to the mixtures of
very high viscosity [39].

(a)

(b)

(c)

Figure 3.41 (a) PAMPs/PAAm, (b) PAMPs/PDMAAm and (c) PAMPs/PAAc polymer mixtures with
2.5 wt% total polymer concentration.

Even though, the viscosity was observed for the PAMPs/PAAc mixture was higher than
pure PAAc solution but it was not representing significant increase in comparison with
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the viscosity of the pure PAAc solution. A rather small increase in viscosity of polymer
mixtures can be as a result of phase separation. The phase separation is observed in the
case of strong interpolymer complexation between two polymer chains. Iliopoulos and
Audebert [38], explained the expected behaviour for viscosity of proton donor and
acceptor concentrated solutions. They studied the effect of interpolymer interaction via
hydrogen bonding in a solution of a polyacid which was the copolymer of PAAc with
poly(ethylene oxide) (PEO) or poly(N-vinylprrolidone) (PVP) as proton acceptors.
They showed that if the degree of copolymerization is very low, close to zero, very long
acid sequences are present in copolymer chain. These long acid sequences have a length
longer than critical chain length (Lc) which is required for effective complexation.
Hence, the polyacid chains are almost entirely complexable and forming very compact
complex with proton acceptor polymers, causing a low viscosity or precipitation. In the
case of PAMPs/PAAc, the fact that the solution turned opaque and finally precipitated
showed the presence of strong hydrogen bonding [19, 24, 38] and consequently the
viscosity did not show a significant increase as a result of phase separation.
Based on the results in this part, the viscosity measurements showed evidence of the
presence of hydrogen bonding between two polymer chains in the mixed polymer
solutions for the first group, as was expected. The strongest hydrogen bonding between
the two polymers in the mixtures in the second group was in PAMPs/PAAc, followed
by PAMPs/PAAm, and no significant hydrogen bonding between PAMPs/PDMAAM
was observed.
3.5.5.2 Effect of urea on viscosity of polymer mixtures
In a second step the effect of urea on the shear viscosity of polymer mixtures was
studied. The viscosity of polymer solutions usually reflects the hydrodynamic volume
of individual polymer coils [56]. The viscosity is a measure of the molecular
dimensions, which depend on the interaction of the molecules with the solvent. The
shear viscosity results of polymer aqueous mixtures in the presence of urea can give
further information on the conformation of the polymer chains while the urea was
present as a hydrogen bond breaker. The shear viscosity of each polymer solution in
water or 4 M aqueous urea solution was measured as a function of shear stress. As the
viscosity of an aqueous solution of 4 M urea is different from the viscosity of pure
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water [30, 60, 61], analyzing and comparing of the results in this part required that the
measurements be normalized with respect to the solvent used; hence, the results shown
in this part were in terms of specific viscosity.
First of all the effect of 4 M urea on a PAAm, PDMMA and PAAc solution at 1 wt%
polymer concentration was studied (Figure 3.29). PAAm solution showed a small
increase in specific viscosity as 4 M urea was added to the aqueous solution while
PDMAAm showed almost the same viscosity in the presence and absence of 4 M urea.
The increase in shear viscosity is meaningful if it is more than the solvent viscosity. As
explained earlier (see the discussions on swelling and mechanical properties), the
PAAm chains can form intrapolymer hydrogen bonding via hydrogen atoms of the
amino groups and the oxygen atoms in carboxyl group [44-46]. Tanaka et. al. [46]
measured the self-association of amide groups of deuterated PAAm in solution by a
Raman spectroscopic study. They investigated the susceptible hydrogen bonding
between amide groups on the PAAm chains as a form of intramolecular cross-linking
within a chain of PAAm and intermolecular cross-linking by cooperative interaction
between two PAAm macromolecules at rather concentrated polymer solutions
(10-60 wt%). They showed that the intermolecular hydrogen bonding is more plausible
than intramolecular hydrogen bonding for PAAm chains. By decreasing the
concentration of the PAAm aqueous solution (semidilute solution) the chance of getting
intrapolymer hydrogen bonding between two PAAm chains decreases as a result of
chain separation and increases the possibility of the complexation within the same
polymer chain rather then cooperative interaction between two PAAm chains. Adding
urea as a hydrogen bond breaker has two effects on the aqueous solution of PAAm
chains (1) decreasing the interpolymer hydrogen bonding within the PAAm chains and
(2) increasing the solubility of PAAm chains in water by introducing more hydrophilic
sites through urea hydrogen bonding with amide groups of the PAAm chains. Hence,
the polymer chains became more expanded and viscosity was increased in the presence
of 4 M urea. PDMAAm chains can not go through any interpolymer hydrogen bonding
and adding urea did not change the specific viscosity of the solution.
PAAc aqueous solution showed much greater increase in the specific viscosity than the
other two polymer solutions as urea was added. Dubin and Strauss [62] studied the
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effect of urea on the intrinsic viscosity of alkyl vinyl ether-maleic acid copolymers at
various degree of carboxylic group dissociation. They showed that urea expanded the
molecular dimension of copolymers at any degree of dissociation and led to a certain
increase in the intrinsic viscosity. They also showed that the increase in viscosity
accompanying an increase in dissociation degree (α) and affected the solvent affinity of
the backbone. Braud et. al. [25] demonstrated the effect of urea on the ionization degree
of carboxylic group of PAAc in more details. They showed that urea ionized the
carboxylic group of PAAc according to:
R−OOH + U ↔

R---COO ˉ + UH +

And the viscosity of PAAc aqueous solution increased as urea concentration was
progressively increased from 0 to 8 M concentration.
In Figure 3.30 and 3.31, the effect of adding 4 M urea on the specific viscosity of
polymer mixtures is plotted as a function of the shear stress. Based on the above
discussion on the effects of urea as hydrogen bond breaker, the increase in the specific
viscosity of any polymer mixtures with the potential for intra- and/or interchain
hydrogen bonding complexation in the presence of 4 M urea is expected. The steady
shear rheology test is not able to differentiate between the intra- or interchain hydrogen
bonding as the urea caused hydrogen bonding interruption for both cases. Urea will
increase the solvent affinity for the polymers and consequently make the conformation
of polymers in solution more stretched. It is worth mentioning that, even though urea
can increase the solvent affinity of the hydrophobic groups on the polymer chains
[62, 63] this effect can be very small in comparison with the breaking the hydrogen
bonds between two polymer chains. The viscosity results for all the polymer mixtures,
in the first and second group of polymer mixtures, showed an increase as urea was
added to the aqueous solution except for the PAMPs/PDMAAm solution. In
PAMPs/PDMAAm solution mixture as urea was added to the solution the specific
viscosity did not appear to change significantly. Hence, it can be concluded that the
PAMPs:PDMAAm system does not have any significant hydrogen bonding complexes
in its structure and the other systems perform some kinds of hydrogen bonding
interaction.
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As mentioned earlier, one of the effects of urea on a polyacid is to change the degree of
dissociation and consequently increases the viscosity of polymer solution [25, 62]. This
effect of urea was explored by adding enough NaOH to the PAMPs/PAAc mixture to
get almost the same level of carboxylic acid ionization in the polymer mixture. For this
experiment, the pH of the PAMPs/PAAc solution with 4 M urea was measured with a
pH-meter and enough 0.1 M NaOH was added to the polymer mixture to get roughly
the same pH. Figure 3.32 shows the viscosity results for PAMPs/PAAc solution in a
presence or absence of 4 M urea plus the viscosity curve for PAMPs/PAAc solution
with the added NaOH to give the same ionization on the PAAc chains. The viscosity
results showed almost the same viscosity for PAMPs/PAAc solution with 4 M urea or
added NaOH to the solution to get same level of carboxylic acid ionization. These
results showed a good agreement with the expected effect of urea as a weak base or
ionization reagent.

3. 6 Conclusion
Urea as a well known hydrogen bond disrupter was used to explore the contribution of
hydrogen bonding interaction within the DN hydrogels to the mechanical properties of
the DN hydrogels. The mechanical properties of the two groups of DN hydrogels that
were swollen in the different concentration of urea solutions were compared with each
other. The first group of DN hydrogels, where hydrogen bonding interaction between
the two polymer networks in the DN gels is known to exist, was developed as a
reference group. The results from this group were compared with the results from the
second group of DN hydrogels where the presence of the hydrogen bonding interaction
in their structures has not previously been demonstrated.
The results for DN hydrogels in the first group of DN hydrogels with the PAAc as a
first network and PAAm or PDMAAm as a second polymer network revealed a
meaningful decrease in their mechanical properties as the urea concentration was
increased in the swelling media of the gels. Increasing the urea concentration broke the
interpolymer hydrogen bonding between the two networks in the DN hydrogels in this
group. The stress-at-break (σbreak), strain-at-break (εbreak) and fracture energy (Gc)
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showed a continuous decrease as a consequence of having less hydrogen bonding
interaction in the DN hydrogels. The tensile moduli showed a small increase possibly as
a result of increasing the degree of swelling of the PAAc network by hydrogen bonding
interaction of urea with available proton donor or acceptor sites on the polymer chains
and weak base characteristic of urea in aqueous solution.
The DN gels in the second group with PAMPs as a first network, except the
PAMPs:PAAc DN hydrogel, showed that the urea concentration had little influence on
their mechanical properties. In contrast, the PAMPs:PAAc DN hydrogels in this group
showed significant changes in their mechanical properties as the urea concentration was
increased. The results suggested the existence of a contribution of intrapolymer
hydrogen bonding to the mechanical strength of the PAMPs:PAAc DN gel, as well as
interpolymer hydrogen bonding. The stress-at-break (σbreak), tensile moduli and the
fracture energy (Gc) values in a range of urea concentrations suggested the formation of
intrapolymer complexation between the carboxylic groups in the PAAc network by
using urea as a bridge via hydrogen bonding.
The mechanical properties test results in both groups revealed that the presence of
intrapolymer hydrogen bonding can be important in the enhancement of mechanical
properties of DN hydrogels.
The characterization tests on the mixed polymer solutions based on the different DN
gels confirmed the effective disruption by the urea of hydrogen bonding between the
two polymer species in the first group of mixed polymer solutions related to the first
group of DN hydrogels. But in the second group of mixed polymer solutions, related to
the second group of DN gels, except for the PAMPs/PAAc polymer mixtures, the tests
showed little evidence of the presence of hydrogen bonding between the PAMPs and
the second polymer chains.
The transmittance measurement, size distribution measurement and rheology test results
for the second group of the mixed polymer solutions showed the strongest hydrogen
bonding between the PAMPs and PAAc chains followed with a small possibility of
hydrogen bonding between the PAMPs and PAAm chains and no significant hydrogen
bonding between PAMPs and PDMAAm in aqueous solutions of the polymer mixtures.
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The size distribution measurement was confirmed the formation of the intrapolymer
interaction between the PAAc chains in the high urea concentration solutions by the
increase of the size distribution of the particles in the polymer solutions.
The characterization tests results on the mixed polymer solutions were in good
agreement with the mechanical test results in both groups of DN hydrogels and the
proposed effect of the hydrogen bonding on mechanical properties of DN gels.
The results in both groups of DN hydrogels showed a positive effect of interpolymer
hydrogen bonding on the enhancement of the strength and toughness of DN hydrogels
and suggested possible effects of intrapolymer hydrogen bonding on the mechanical
properties of DN hydrogels in the same way of interpolymer hydrogen bonding.
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CHAPTER FOUR
4 EFFECTS OF PH ON THE PROPERTIES OF DN
HYDROGELS

4. 1 Introduction
Hydrogels are cross-linked hydrophilic polymer networks which can absorb water many
times their volume but do not dissolve in water. The imbibed water in the hydrogels
strongly influences the polymer‟s surface, mechanical and transport properties.
Synthetic hydrogels are considered to be a potential replacement for articular cartilage
and other soft tissues due to their biocompatibility and low surface friction. However,
the low mechanical strength and fracture toughness of chemically cross-linked
hydrogels are significant disadvantages for these materials to be used instead of natural
soft tissue, such as tendon or articular cartilage, which can sustain large deformation in
both tension and compression.
Many approaches, such as topological gels [1], nanocomposite hydrogels [2] and
macromolecular microsphere composite [3] have been used to improve the mechanical
properties of hydrogels. One of the approaches was to incorporate a lightly cross-linked
polymer network within the highly cross-linked polyelectrolyte network which was
highly swollen in water [4-6]. This particular interpenetrated network (IPN) was called
double network (DN) hydrogel and showed much better mechanical properties than
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those of the individual components [4]. The possible toughening mechanisms of the DN
gels are a research area where the aim is to gain an understanding of the dramatic
enhancement in the mechanical properties of this group of hydrogels. Despite several
experimental and theoretical investigations, the question is still open [5, 7-10]. Some
recent experimental studies proposed the presence of association between the two
polymers in the DN gels in the form of weak electrostatic attraction such as hydrogen
bonding as one of the possible reasons for the significant enhancement on the
mechanical properties of the well studied poly(2-acrylamido-2-methyl-1-propane
sulfonic acid) (PAMPs) cross-linked network and linear polyacrylamide (PAAm) in a
form of DN gel [11, 12].
The interpolymer complexation via hydrogen bonding between proton donor and proton
acceptor polymers in aqueous solution has been studied widely [13-20]. The proton
donor is usually a weak polyacid, such as poly(acrylic acid) (PAAc) or poly(methacylic
acid) (PMAAc), whereas the proton acceptor is a nonionic or Lewis polybase, such as
poly(ethylene

oxide)

(PEO),

poly(N,N-dimethylacylamide)

(PMAAm)

and

poly(vinylpyrrolidone) PVP. In general, the hydrogen bonding association occurs
between the carboxylic group of polyacid and the nonionic polybase. The existence of
hydrogen bonds between proton donor and acceptor sites can happen only in a specific
pH range. At pH values below the related pKa of the polyacid most of the carboxylate
groups in the polyacid chain are in the protonated state so the hydrogen bond
interpolymer complexation can occur. At a pH values higher than the polyacid pKa
dissociation of hydrogen bonds complexes occurs due to an increase of the ionized sites
in the polyacid chain.
Much attention has been focused on hydrogels prepared by free radical polymerization
of aqueous solutions of the polyacid(s) and polybase(s) that undergo large changes in
the degree of swelling in response to small changes in swelling medium conditions
[21-27]. In particular, most of the research work has concentrated on the temperature
and pH responsive hydrogels due to the importance of these variables in typical
physiological, biological and chemical systems [22, 25, 27-31]. In the pH sensitive gels,
variation in the pH of the swelling medium induces a change in the degree of ionization
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of the electrolyte and, therefore, a change in the degree of the presence of hydrogen
bonding in polymer hydrogels with the available hydrogen bonding sites.
In the present study, the relationship between the mechanical properties and the
hydrogen bonding interaction within the DN hydrogels was studied in two groups of
DN hydrogels. The first group of DN hydrogels, with PAAc as a first network, was
specially developed as a group with the presence of hydrogen bonds in their structure
[28, 29, 32-34]. The second group, with PAMPs as a first network, does not have
evidence of the presence of hydrogen bonding in their structure. These two groups of
DN gels were developed and studied to obtain further understanding of the contribution
of hydrogen bonding to the mechanical properties of DN hydrogels. The results of the
first and second groups of gels were compared by using the first group as a reference
with known hydrogen bonding interaction in their structures.
To this aim the existence of polymer complexation via hydrogen bonding and its
influence on the mechanical properties of DN gels was studied by carrying out
mechanical and characterization tests on the DN hydrogels. Characterization tests
included techniques such as light transmission, particle size and rheology measurement
on the mixed polymer aqueous solutions of uncross-linked polymers in each system.
Tests were carried out while varying the pH of the media which consequently varied the
ionization degree of polyacid groups in the DN hydrogels and hence the hydrogen
bonding interaction. Swelling data were used to calculate the equilibrium water and
polymer content in the networks, which were in close correlation with tensile moduli,
maximum stress-at-break, maximum strain-at-break and fracture energy. The
characterization tests of the polymer mixture solutions were not able to give a defined
conclusion for all the systems about the existence of hydrogen bonding in the DN
hydrogels. Therefore, in this chapter the swelling and mechanical test results were
reported first and the contribution of hydrogen bonging to the mechanical properties of
the DN gels was studied in the both groups of DN hydrogels. Then, in the second part,
the ability of the characterization tests to confirm the presence of hydrogen bonging
between different polymer mixtures was studied for the first group of polymer mixtures
where hydrogen bonding is known to occur. The obtained understandings were then
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used to assess the results for the second group of polymer mixtures which were
ambiguous with respect to the presence of hydrogen bonding.
The results indicated that under conditions that promote the hydrogen bonding in the
first group, with strong evidence of the presence of the hydrogen bonding between two
networks, the mechanical properties of DN hydrogels increased significantly. In the
second group, except for the PAMPs:PAAc DN hydrogel that showed a strong influence
of the hydrogen bonding in the mechanical properties of the gel, the DN hydrogels
showed a small increase in their mechanical properties which was partially related to
lower water content in their structure as well as the presence of hydrogen bonding. The
results in both groups suggested the possible contribution of the intrapolymer hydrogen
bonding within the second network of the DN gels to their mechanical properties.

4. 2 Experimental section
The materials and the sample preparation was the same as they were explained in details
in the chapter 3.

4. 3 Characterization
The characterization tests and the methods were same as the chapter 3. The main
difference was that the variable factor in this chapter was pH, rather than urea
concentration. The desired pH for the different swelling liquids were obtained by
appropriate dilution of the aqueous solution of 1 M HCl, for the acidic swelling liquids,
and 1 M NaOH, for the basic swelling liquids, rather than using buffer solutions.
The pH of the polymer mixture solutions were adjusted by adding enough 0.1 M HCl or
0.1 M NaOH aqueous solution to each polymer mixture solution and assessed by the use
of a pH-meter (Hanna instruments Pty Ltd., HI8424, US).
The degree of swelling was studied by comparing the weight of the dry and swollen
hydrogels in the different pH swelling liquids using the same procedure and calculation
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was explained in the previous chapter. All the DN hydrogels were allowed to reach
equilibrium swelling in the different pH swelling liquids for 7-10 days prior to
mechanical tests.
Some of the DN hydrogels were prepared with the same, rather than the equilibrium,
degree of swelling for the different pHs for the tearing test. For preparation of these
samples the following extra steps were taken. The weight of the gels before and after
reaching equilibrium swelling in the different pH swelling liquids was recorded. The
excess amount of swelling was calculated by using the swelling degree of the same gel
in the pH=2 swelling liquid as a reference. Excess water was evaporated by putting the
gels in an oven at 25-30 ºC. The gels were removed from the oven after reaching the
desire weight and wrapped in layers of glad® wrap and sealed in the thick plastic bags to
avoid unwanted vaporization. The gels were left for 24 hours before any mechanical test
were performed in order to permit on equilibrium distribution of the water in the gel
specimens.
In addition, the compression test was carried out in this chapter to determine the
compressive Young‟s modulus for the single network hydrogels. The test and
calculation methods are described below.

4.3.1 Compression test
The compressive Young‟s modulus for the single networks of the polymers that were
used as the second network of the DN hydrogels was determined by compressive stressstrain measurements. The test was performed in triplicate immediately after polymer
network polymerization without further swelling using an Instron 5566 (Norwood, MA,
USA) equipped with a 100 N load cell. A cylindrical disk sample, 20 mm in diameter
and 3 mm thick, was punched from each single polymer network. The disk sample was
placed between two thin polyethylene sheets to stop it sticking to the lower and upper
compression plates and hence minimizing the errors in the final results. The
compressive modulus was determined from the stress-strain curve generated when the
disks were compressed by the upper plate with the crosshead speed of 10 mm/min until
90 % strain.
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4.3.2 Calculation of the molecular weight between cross-links (Mc)
The molecular weight between cross-links (Mc) for the second network of the DN
hydrogels was deduced from the compressive modulus measurement using the equation
from the rubber elasticity theory [35],

Mc  3

RT
E

(4)

Where ρ is the polymer density, R is the gas constant, T the absolute temperature, and E
is the modulus in the rubbery region that was determined by the compression test. The ρ
was calculated for each polymer based on the monomer concentration in the original
monomer solution and final volume of the gel network.

4. 4 Results
The degree of swelling was studied for the first and second group of DN hydrogels as a
function of pH. In order to investigate the influence of pH value of the medium on the
swelling degree of the single and DN hydrogels, the pH ranges of 2 to 10 and 1 to 10
were chosen for first and second group of DN hydrogels and their related single
networks. The desired pHs were adjusted by use of NaOH and HCl solutions rather than
using buffer solutions. No additional ions (through buffer solution) were added to the
medium at the desired pH because it is reported that the water absorbent capacity of a
polyelectrolyte gel is strongly affected by ionic strength [25, 35]. Also, that is not a
study of the effects of different salts and their concentration on the swelling and
mechanical properties of DN hydrogels.
The two different pH ranges were chosen to cover the pH range below and above the
pKa of the PAAc and PAMPs, 4.7 and 2.86 used in the first and second group of DN
hydrogels, respectively. The PAMPs:PAAc was the only DN hydrogels that was
swollen in a swelling liquid with pH=12. The pH of the swelling liquids around the DN
gel was measured regularly by a pH-meter (Hanna instruments Pty Ltd., HI8424, US)
during the required soaking time to obtain information on the final pH of the media and
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gels. It was found that, for most of DN hydrogels, the pH of media at the end of the
soaking time was quite close to the original pH of the relevant swelling liquid when the
swelling liquids was changed every other day during the soaking time. The
PAMPs:PAAc DN hydrogel was the only DN hydrogel that showed resistance to
increasing the pH in its structure with the prepared swelling liquids. It was found that,
after the required soaking time for the PAMPs:PAAc DN gel in the different pH
solutions, the pH of the swelling media between pH=3-10 dropped to a lower value for
the rather big pieces of the DN gels which was prepared for mechanical tests. The pH of
the media and consequently the DN gel did not exceeded the pKa of PAAc (4.7) even
when soaking the gel in the swelling liquid with pH=10 for longer time. So, an aqueous
solution of NaOH with pH=12 was used to achieve a pH above the pKa of PAAc.
All the results for swelling measurements and mechanical tests for different pH are
reported in the results section with the original pH of the swelling liquid to keep the
consistency and details of the measured pH at the end of soaking time for
PAMPs:PAAc DN hydrogels are given in the discussion section.
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4.4.1 Effect of pH on swelling of DN hydrogels
The equilibrium swelling of DN hydrogels was studied as the pH inside the swollen gels
was varied by immersing the samples of DN hydrogels in the aqueous solutions of HCl
or NaOH. In order to get better understanding of the effect of pH on the DN hydrogels,
the single networks of each polymer were prepared separately and were swollen under
the same conditions as DN gels.
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Figure 4.1 Effect of pH on the degree of swelling of (▲) PAAm single network and (●)
PAAc:PAAm DN gel at 25 ºC.
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Figure 4.2 Effect of pH on the degree of swelling of (▲) PDMAAm single network and (●)
PAAc:PDMAAm DN gel at 25 ºC.
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Figure 4.3 Effect of pH on the degree of swelling of (■) PAMPs single network, (▲) PAAm single
network and (●) PAMPs:PAAm DN gel at 25 ºC. The insert graph shows the PAMPs:PAAm DN gel
in more details.
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Increasing the pH had a small influence on equilibrium swelling of PAAm and
PDMAAm single network hydrogels. These two networks showed almost the same
range of swelling in distilled water as well (Figure 4.1 and 4.2).
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Figure 4.4 Effect of pH on the degree of swelling of (■) PAMPs single network, (▲) PDMAAm
single network and (●) PAMPs:PDMAAm DN gel at 25 ºC. The insert graph shows the
PAMPS:PDMAAm DN gel in more details.
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Figure 4.5 Effect of pH on the degree of swelling of (■) PAMPs single network, (▲) PAAc single
network and (●) PAMPs:PAAc DN gel at 25 ºC. The insert graph shows the PAMPs:PAAc DN gel
in more details.

The single network of PAMPs hydrogel ( Figure 4.3 – 4.5), with 4 mol% cross-linker as
a first network in the second group of DN hydrogels, showed a continuous increase in
swelling as the pH was increased from 2 to 10. The equilibrium swelling after pH=6
showed almost the same swelling degree that the PAMPs hydrogel showed in water
(~ 200). The PAAc single network, with 0.1 mol% cross-linker as a second network in
the second group of DN hydrogels, showed a moderate increase of swelling degree as
the pH was changed from 2 to 4 and a sudden increase in swelling after pH=4
(Figure 4.5). The PAAc single network showed equilibrium swelling of ~ 300 in
distilled water which was almost half a degree of swelling in pH=10 (~ 600) for this
network. All the single networks showed almost the same equilibrium swelling for
pH=1 as they did for pH=2.
In the first group of DN hydrogels, the PAAc:PAAm and the PAAc:PDMAAm DN
hydrogels, the degree of swelling at low pH showed a significant decrease in
comparison with that of the single PAAm or PDMAAm networks respectively
(Figure 4.1 and 4.2). In both DN hydrogels the water content for DN and single network
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became closer above pH=4 and finally became almost the same at pH=10. The swelling
ratio of the PAAc:PAAm at pH=1 was half that of the PAAm single network. The
PAAc:PDMAAm DN hydrogel showed roughly 60 % of the swelling of PDMAAm
single network at pH=2.
Figure 4.3 and 4.4 show the effect of pH on equilibrium swelling of PAMPs:PAAm and
PAMPs:PDMAAm DN hydrogels. In both DN hydrogels the equilibrium swelling of
the DN was less than that of each of the PAAm and PDMAAm single networks,
respectively. The difference in the equilibrium water content between DN hydrogels and
the related single second networks was greater at low pH. The PAMPs:PAAc DN
hydrogel showed almost the same water content for pH=1 and 2 as the PAAc single
network. While the PAMPs:PAAc DN gel showed a small increase in swelling degree,
the PAAc single network showed a significant continuous increase as the pH was
increased from 3 to 10 (Figure 4.5).

4.4.2 Effect of pH on mechanical properties of DN hydrogels
To explore the effect of pH on the mechanical properties of DN hydrogels, the pH of
DN hydrogels was changed by soaking the gels in the aqueous solution of the HCl or
NaOH. All the DN hydrogels were swollen in the pH media for 7-10 days.
The X-axis in the graphs is showing the original pH of the aqueous solution in which
DN hydrogels were swollen. The real pH in DN hydrogels after a period of soaking, in
some cases was different, for more details refer to the discussion section.
The tensile test results are reported as the stress-at-break (σbreak), strain-at-break (εbreak)
and tensile moduli for the DN hydrogels at their equilibrium swelling in the swelling
liquids with different pH. The tearing test results are reported as the fracture energy (Gc)
for the DN hydrogels while they were swollen to their equilibrium as well as the
fracture energy (Gc) for some of the DN hydrogels when the degree of swelling was
kept constant in the swelling liquids with different pH. For more details about the
preparing samples with the constant degree of swelling refer to the experimental
section.
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4.4.2.1 Tensile properties of the first group of gels
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Figure 4.6 pH dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break (εbreak) for the
PAAc:PAAm DN gel.
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Figure 4.7 pH dependence of (■) initial modulus (E1) and (□) secondary modulus (E2) for the
PAAc:PAAm DN gel.
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The stress-at-break (σbreak) for the PAAc:PAAm DN hydrogel exhibited a high tensile
strength in pH below 4 (σbreak ~ 0.4 MPa) and decreased by a factor of two as pH was
increased to 10 (σbreak ~ 0.2 MPa) (Figure 4.6 (a)). A similar phenomenon was seen for
strain-at-break (εbreak) at pH below 4 and above it (Figure 4.6 (b)). The strain-at-break
(εbreak) showed a high εbreak below pH=4 (εbreak ~ 2.5) and a sharp decrease as pH was
increased to 6 and 10 (εbreak ~ 1.8). Figure 4.7 indicates the effect of pH on tensile
moduli of the PAAc:PAAm DN hydrogel. The initial modulus (E1) did not show a
significant change as the pH was increased from 1 to 10. The secondary modulus (E2)
showed a continuous decrease as the pH was increased from 2 to 10. The E2 at pH=2
was almost twice the value of the E2 at pH=10 (0.35 MPa and 0.2 MPa respectively).
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Figure 4.8 pH dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break (εbreak) for the
PAAc:PDMAAm DN gel.
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Figure 4.9 pH dependence of (■) initial modulus (E1) and (□) secondary modulus (E2) for the
PAAc:PDMAAm DN gel.

The stress-at break (σbreak) for the PAAc:PDMAAm DN hydrogel showed the same
tensile strength at pH=2 and pH=3 and then continuously decreased as the pH was
increased from 3 to 10 (Figure 4.6 (a)). The strain-at-break (εbreak) decreased by
approximately one-half when the pH was increased from 2 to 10 (Figure 4.6 (b)). A
continuous decrease was observed for the secondary modulus (E2) (from 0.11 MPa to
0.07 MPa), while the initial modulus (E1) did not shows any significant change when
the pH was varied between 2 to 10 (Figure 4.9). E2 was five times bigger than E1 at the
lowest pH (pH=2) and almost three times bigger at the highest pH (pH=10) with a
continuous decrease as pH was increased from 2 to 10.
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4.4.2.2 Tensile properties of the second group of gels
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Figure 4.10 pH dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break (εbreak) for the
PAMPs:PAAm DN gel.
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Figure 4.11 pH dependence of (■) initial modulus (E1) and (□) secondary modulus (E2) for the
PAMPs:PAAm DN gel.
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Figure 4.10 (a) shows the effect of pH on the stress-at-break (σbreak) of the
PAMPs:PAAm DN hydrogel. The stress-at-break (σbreak) showed a continuous decrease
from pH=1 to 3 and then stayed almost in the same range as the pH was increased
further till pH=10. The strain-at-break (εbreak) for the PAMPs:PAAm DN hydrogel
showed a moderate decrease as the pH was increased from 1 to 10 ( Figure 4.10 (b)).
Figure 4.11 shows that the initial and secondary modulus (E1 and E2) were roughly at
the same range for the entire pH range except for pH=1 which had a bigger value for
both tensile moduli.
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Figure 4.12 pH dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break (εbreak) for the
PPAMPs:PDMAAm DN gel.
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Figure 4.13 pH dependence of (■) initial modulus (E1) and (□) secondary modulus (E2) for the
PAMPs:PDMAAm DN gel.

In Figure 4.12 the stress-at-break (σbreak) decreases as the pH was increased from 1 to 4
and stayed at the same range for further increase of the pH to pH=10. The strain-atbreak (εbreak) showed a bit bigger value at a pH below 3 than when the pH was above it
(Figure 4.12). The initial and secondary moduli (E1 and E2) exhibited a different trend
as the pH was increased from 1 to 10 (Figure 4.13). While the first modulus showed
almost the same modulus for pH=1 to pH=6 with the small increase from pH=10, the
secondary modulus showed a moderate decrease as pH was increased from 1 to 10.
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Figure 4.14 pH dependence of (■) stress-at-break (σbreak) and (▲) strain-at-break (εbreak) for the
PAMPs:PAAc DN gel.
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Figure 4.15 pH dependence of (■) initial modulus (E1) and (□) secondary modulus (E2) for the
PAMPs:PAAc DN gel.
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Figure 4.14 shows three different levels for the stress-at-break (σbreak) of the
PAMPs:PAAc DN hydrogel as the pH was increased from 1 to 12. From pH=1 to 2 the
stress-at-break (σbreak) showed its highest value at 0.3 MPa and then a continuous
decrease was observed as pH was increased from 2 to 4 (~ 0.2 MPa). A sudden decrease
was observed as the pH was increased to pH=12. On the other hand, the strain-at-break
(εbreak) did not appear to change significantly when pH was increased from 1 to 10. The
strain-at-break (εbreak) dropped by approximately one-half when the pH was raised to
pH=12 (Figure 4.14). In Figure 4.15 the tensile moduli for the PAMPs:PAAc DN
hydrogel indicate different trends for initial and secondary modulus (E1 and E2) as the
pH was increased from 1 to 4. At pH=1 and 2, the secondary modulus (E2) was almost
seven times bigger than initial modulus (E1). The initial modulus exhibited a continuous
increase as pH was increased till pH=4 and showed a small increase from pH=4 to 10.
E1 almost doubles as pH was increased from 10 to 12 (0.07 to 0.14 MPa). In contrast,
the secondary modulus (E2) showed a continuous drop as the pH was increased till
pH=4. E2 followed the same trend as the initial modulus on further increased of the pH
from 4 to 10.
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4.4.2.3 Tearing test results of the first group of gels
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Figure 4.16 pH dependence of the fracture energy at V=100 mm/min for the DN gels while swollen
to equilibrium for (■) PAAc:PAAm DN gel, (▲) PAAc:PDMAAm DN gel and having the same
degree of swelling for the different pHs for (□) PAAc:PAAm DN gel.

Figure 4.16 shows the fracture energy (Gc) over the pH range for the second group of
DN hydrogels, with PAAc as a first network. The trends in the Gc for both networks
were similar as pH was changed from 2 to 10. The significant difference in the two
systems was the bigger value of Gc for the PAAc:PAAm DN than for the
PAAc:PDMAAm DN hydrogel. The Gc for the PAAc:PAAm was nearly an order of
magnitude greater than the Gc for PAAc:PDMAAm DN hydrogel at all pH values. In
both networks, Gc decreased continuously as the pH was increased from 1 to 10. The Gc
for PAAc:PDMAAm DN hydrogel did not change significantly after pH=6. The
fracture energy (Gc) for PAAc:PAAm DN hydrogel was measured at the different pHs
while keeping the degree of swelling constant (as explained in experimental part). The
results indicated almost the same fracture energy (Gc) from pH=2 to 4 with a continuous
decrease in Gc as the pH was increased from 4 to 10.
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4.4.2.4 Tearing test results of the second group of gels
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Figure 4.17 pH dependence of the fracture energy at V=100 mm/min for the (■) PAMPs:PAAm DN
gel and (▲) PAMPs:PDMAAm DN gel.

Figure 4.17 shows the effect of pH on the fracture energy (Gc) for the PAMPs:PAAm
and the PAMPs:PDMAAm DN hydrogels. The fracture energy (Gc) for both DN
hydrogels exhibited a bigger value at pH values smaller than 3 and did not appear to
change significantly when going from pH=3 to pH=10. The PAMPs:PAAm DN
hydrogel exhibited fracture energy that was greater than almost four times that of the
PAMPs:PDMAAm DN hydrogel over the pH range.
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Figure 4.18 pH dependence of the fracture energy at V=100 mm/min for the PAMPs:PAAc DN gel
(●) swollen to the equilibrium and (○) having the same degree of swelling for different pHs.

In Figure 4.18, the pH dependence of the fracture energy (Gc) is plotted for the
PAMPs:PAAc DN hydrogel when the gel was in its equilibrium swelling (different
degree of swelling) and also, while keeping the degree of swelling constant for the gel
which was swollen in the swelling liquids with different pH (same degree of swelling).
Gc for the DN hydrogel with differing degrees of swelling showed a high value between
pH=1 to 3 (Gc=400 J.m-2) and a significant decrease when the pH was increased from
3 to 4. Fracture energy stayed almost constant with a small drop at pH=10, when the pH
was increased from 4 to 10. As the pH was increased to 12 the fracture energy
decreased significantly to reach its lowest degree at 46 J.m-2. The fracture energy for
DNs with the same degree of swelling for the different pHs displayed a different trend.
Here, Gc showed almost the same value between pH=2 to 6 then a small decrease as the
pH was increased to 10 and a large decrease at pH=12.
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4.4.3 Light transmission results
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Figure 4.19 pH dependence of the light transmittance at 500 nm for mixed polymer aqueous
solutions 1 wt% at 25 ºC.

Figure 4.19 shows the effect of pH on the light transmittance of the first and second
group of polymer mixtures. The first group of polymer mixtures, with the PAMPs as
one of their polymers, did not appear to change significantly when the pH was changed
from 2 to 10. In contrast, the light transmittance for second group of polymer mixtures,
PAAc/PAAm and PAAc/PDMAAm, showed a significant decrease as the pH was
decreased below the 4.

4.4.4 Particle size results (Zetasizer)
In this part the effect of pH on the size distribution of homopolymer chains and polymer
mixtures was studied by adding sufficient amount of 0.1 M HCl or NaOH to the
polymer solutions to get pH=2 or pH=10 respectively. pH=2 and 10 were chosen as the
two extreme pHs in a range of acidic and basic environments.
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4.4.4.1 Particle size distributions of homopolymers
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Figure 4.20 Effect of pH on the size distribution of (a) PAAm, (b) PDMAAm and (c) PAAc at 25 ºC.

Figure 4.20, shows the effect of pH change on the size distribution of homopolymer
chains of PAAm, PDMAAm and PAAc. These are the main polymers that were used as
a second network in the different DN hydrogels. The PAAm and PDMAAm showed
almost the same size distribution for polymer chains as the pH of the aqueous solution
was changed from acidic to basic (Figure 4.20 (a-b)). In contrast, the size distribution of
PAAc chains exhibited a big shift as the pH of the polymer solution was changed from
acid to base (Figure 4.20 (c)). The size distribution of PAAc linear chains showed
almost an order of magnitude decrease in the main peak as the pH was decreased to
pH=2. The same effect was observed as the pH was increased to pH=10. At pH=2, just
one broad peak at particle size ~ 70 nm was observed instead of multiple peaks in the
distilled water polymer solution. As the pH was changed to pH=10 almost the same
distribution of size was observed with three main peaks, but at a smaller particle size as
was seen in the polymer solution made without changing the pH.
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4.4.4.2 Particle size distributions of homopolymer mixtures
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Figure 4.21 Effect of pH on the size distribution of (a) PAAc/PAAm and (b) PAAc/PDMAAm
polymer mixtures at 25 ºC.

Figure 4.21 displays the effect of pH on the size distribution for the first group of
polymer mixtures. As the pH was decreased to pH=2 the size distribution increased by
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an order of magnitude for all the peaks in the size distribution profile of the polymer
mixtures, while the size distribution showed a significant decrease as the pH was
increased to pH=10. At this pH both polymer mixtures showed a single peak at a small
particle size (~ 100 nm) instead of multiple peaks at the mixed polymer solution made
without changing the pH. The change in particle size was more pronounced for the
PAAc/PDMAAm polymer mixture than PAAc/PAAm polymer mixture.
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Figure 4.22 Effect of pH on the size distribution of (a) PAMPs/PAAm, (b) PAMPs/PDMAAm and
(c) PAMPs/PAAc polymer mixtures at 25 ºC.

Figure 4.22, shows the effect of pH change on the size distribution of solutions of
polymer mixture in the second group. In this group the effect of pH change, except in
the PAMPs/PAAc mixed polymer solution, was less significant than for the first group
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of polymer mixtures. The PAMPs/PAAm mixed polymer solution showed almost an
unchanged distribution of the size of polymer particles as the pH was changed to 2 or
10. A small decrease in the size could be seen as the pH was changed to 10 (Figure 4.22
(a)). The PAMPs/PDMAAm mixed polymer solution showed a similar pattern with a
small difference in size at pH=2. The PAMPs/PDMAAm polymer mixture exhibited an
extra small peak at a bigger size as the pH was decreased to pH=2 (~ 1000 nm). In
Figure 4.22 (c), the PAMPs/PAAc mixed polymer solution shows three main peaks in
the solution without changing the pH and one broad peak for the mixed polymer
solution at pH=2 in the ~ 60 nm. At pH=10 almost the same distribution of sizes, three
main peaks, as the mixed polymer solution without changing the pH was observed. The
main peak at pH=10 showed more than an order of magnitude decrease in the size in
comparison with the mixed polymer solution made without changing the pH.

4.4.5 Rheology measurement
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Figure 4.23 Shear stress dependence of the viscosity of homopolymer solutions at their original pH
and pH=2 at 25 ºC.
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Figure 4.24 The effect of pH change on the viscosity of the first group of polymer mixture solutions
at 25 ºC.
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Figure 4.25 The effect of pH change on the viscosity of the second group of polymer mixture
solutions at 25 ºC.
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In Figure 4.23 the effect of acidic pH on the viscosity of homopolymer chains which
were used as a second network is plotted as a function of shear stress. While the
viscosity of PAAm solution increased almost an order of magnitude when the pH of the
aqueous solution was changed from its original pH (~ 6) to pH=2, the PDMAAm
solution showed no viscosity change. The PAAc solution exhibited a bit smaller
viscosity at pH=2 than in pure water.
In Figure 4.24, the viscosity of the polymer mixtures in the first group is studied as a
function of shear stress at the original pH and in pH=2 media. The PAAc/PAAm and
PAAc/PDMAAm polymer mixtures showed lower viscosity at pH=2 than at the original
pH of the polymer mixture solutions. In general, all the polymer mixtures revealed a
smaller viscosity at pH=2 than in the water solution.
Figure 4.25 shows the effect of acidic pH on the viscosity of the second group of
polymer mixture solutions as a function of shear stress. The viscosity of the homopolymer solution, which was present as a main polymer in each polymer mixture
solution, was plotted in the same graph for the sake of comparison.
The PAMPs/PAAm and PAMPs/PDMAAm polymer mixture solutions showed a small
decrease in their viscosity as the pH was decreased to 2. Whereas, the PAMPs/PAAc
showed a significant decrease in the viscosity of the solution at pH=2.
The decrease in viscosity as the pH was changed to pH=2 was more significant for
PAMPs/PAAc in the second group and the both polymer mixtures at the first group of
solutions than for the PAMPs/PAAm and PAMPs/PDMAAm solutions.

4. 5 Discussion
4.5.1 Swelling studies
The pH dependence of the equilibrium swelling degree of DN hydrogels in both groups
was studied by immersing the hydrogels in aqueous solutions of HCl and NaOH with a
range of pHs. According to the classical theory of gel swelling [36, 37], the
characteristic of the volume transition of the gel is depended on ƒ, which denotes the
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number of the balance ions unbound to the polymer chains. In polymer networks the
ionization of the polymer plays an important role in the variation of the gel‟s swelling.
The swelling capacity of a hydrogel can be explained in terms of an osmotic
equilibrium between the gel and the external solution. The osmotic pressure inside the
gel can be affected by the ionization degree of the acidic groups on the polymer chain
backbones. In distilled water, the osmotic pressure is mainly determined by the
difference in ion concentrations between gel and the external solution. The ionization
degree of the acidic groups on polymer chains in distilled water is constant, and thus the
absorbency in distilled water is unvaried. The variation of pH in the external solution
alters the ion concentration of media as well as the degree of ionization of polyacid in
the hydrogel. Hence, the equilibrium swelling of polyacids and their networks is
expected to be changed as the pH is changed in the external solution. PAMPs and
PAAc, as polyacid are sensitive to variation of pH through the degree of ionization of
sulfonic and carboxylic groups respectively.
The other possible effect of the pH on DN hydrogels is in controlling the formation or
dissociation of hydrogen bond complexation between two networks by affecting the
ionization degree of proton donor sites on polymer chains [22, 25, 28, 30, 31]. The
presence of hydrogen bonds in polymer networks leads to a more compact structure
with a lower degree of swelling.
The equilibrium swelling of the PAMPs and PAAc single polymer networks showed a
strong pH dependence due to the ionization of sulfonic or carboxylic groups on the
polymer chains, while the PAAm and PDMAAm did not show a significant change
when the pH was changed from 1 to 10 ( Figure 4.3 – 4.5).
Both the polyacid single networks were moderately swollen at pHs below their pKas,
4.5-4.7 [38-40] and 2.86-3 [41, 42] for PAAc and PAMPs respectively, while they were
highly swollen at pHs above their pKa. This fact was due to the ionization of the acid
units on the polymer chains causing an increase in both the osmotic pressure and the
charge repulsion within the hydrogel network. The PAMPs single network showed a
low degree of swelling at pHs below its pKa (pH=1 and 2). As the pH was increased
above the PAMPs‟s pKa the ionization of sulfonic group was increased hence the degree
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of swelling was increased. This sort of pattern, the effect of ionization degree on the
degree of swelling, is well known [25, 30, 31].
The PAMPs single network showed resistance to pass the pH close to its pKa (2.86-3).
This was found out during the regular pH measurement of the swelling liquids around
the gel during the soaking time. This can be as a result of using the aqueous solution of
HCl and NaOH instead of the buffer to change the pH of media. The above method is
not able to change the pH within the strong acidic or basic gel as the swelling liquid
with the intermediate pH. In PAMPs, as a strong polyacid network, pH=8 and 10
aqueous solutions were more reliable swelling liquids to change the pH above the pKa of
the PAMPs than pH=3 and 4.
The first group of DN hydrogels (Figure 4.1 and 4.2) achieved a lower equilibrium
water content than the PAAm or PDMAAm single polymer networks at a pH below the
pKa of PAAc (4.7). Both DN hydrogels in this group showed almost the same swelling
at higher pH values (pH=6-10). These results can be explained by the fact that PAAc
with PAAm or PDMAAm forms a strong complexation via hydrogen bonding at a pH
below the pKa of PAAc [28, 29, 33], leading to a more compact, less hydrated network
structure. At pH above the pKa of PAAc (4.7) chains started to dissociate as the PAAc is
ionized and counter ions along with water enter the hydrogel structure to keep the
charge neutral, leading to high degree of swelling.
The double network hydrogels in the second group achieved a lower level of swelling
than their single networks (Figure 4.3 – 4.5), which can be explained by the
confinement of the loosely cross-linked second network in a highly cross-linked first
network.
The water content of the DN hydrogels in the first group of hydrogels became close to
their second single network as the pH was increased to 10 due to the removal of the
complexation between the two networks and an increase in the osmotic pressure by
increasing the ionization degree of the PAAc polymer and hence the density of counter
ions in the network. This effect was seen in the PAMPs:PAAm DN hydrogel too.
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4.5.2 Mechanical property studies
The gel structure is held together by two main mechanisms: chemical cross-linking
which refers to covalently linked bridges between polymer chains, and physical crosslinking which is due to hydrogen bonds, ionic bonds or the polymer chain
entanglements that are trapped by a long term physical interaction such as the hydrogen
bonding interaction. The former is irreversible and the latter is reversible. The pH
change is expected to change the physical cross-linking by changing the presence of
hydrogen bonding in the DN structure. Studies on hydrogel networks showed that the
degree of swelling and any interpolymer or intrapolymer complexation have a strong
impact on the mechanical properties of DN hydrogels [43, 44].
The first group of the DN hydrogels, with the PAAc as a first network, performs
interpolymer complexation via hydrogen bonding between PAAc as a proton donor with
PAAm or PDMAAm as a proton acceptor [28, 29, 32-34]. PAAc contains carboxylic
groups as a proton donor at a pH value below its pKa (4.7). Therefore above the pH=4.7
the carboxylic groups on PAAc are fully ionized and incapable of hydrogen bond
complexation. Figure 4.6 - 4.9 show that the stress-at-break (σbreak), strain-at-break
(εbreak) and secondary modulus in the PAAc:PAAm and PAAc:PDMAAm DN were
found to be strongly dependent on the swelling liquid‟s pH. In the PAAc:PAAm DN
hydrogel the load bearing capacity (σbreak) was approximately constant below the pKa of
PAAc (4.7) as the interpolymer hydrogen bonding will not change in this regime, and
showed a steady decrease at pHs above the 4.7 when the PAAc network became ionized
and the interpolymer complexes between PAAc and PAAm were broken (Figure 4.6
(a)). The loss of interpolymer hydrogen bonding led to failure at a lower strain in the
PAAc:PAAm DN at the pH above 4 as well (Figure 4.6 (b)). A similar trend was
observed in the PAAc:PDMAAm for the stress-at-break (σbreak) and strain-at-break
(εbreak) (Figure 4.8). The decrease at σbreak and εbreak with increasing the pH for the
PAAc:PDMAAm was more pronounced in comparison with that of the PAAc:PAAm
DN. This difference may arise from the fact that the PAAc:PDMAAm DN can only
have interpolymer hydrogen bonding while the PAAc:PAAm DN can have
intrapolymer hydrogen bonding between the amide groups of PAAm as well [45-47].
As shown in Figure 4.26, PAAm can display intramolecular hydrogen bonding in water.
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Figure 4.26 Intramolecular hydrogen bonding complexation between the PAAm chains.

As the pH was increased, the PAAc network became ionized and the only source of
hydrogen bonding in PAAc:PDMAAm was lost whereas, in the PAAc:PAAm DN the
intrapolymer hydrogen bonding in the PAAm network was still present. The initial
modulus for both DNs did not change significantly when the pH was increased from 2
to 10. In contrast, secondary moduli changed in different manners in the two DN
hydrogels (Figure 4.7 and 4.9). Before looking at possible reasons for different moduli
in each network, it should be mentioned that the critical strain (εcritical) at which the
stress-strain curve makes the transition from the initial modulus to the secondary
modulus for the both networks were quite high below pH=6, 60-70 % strain, and had
the lowest value of 40 % strain at pH=10. This is showing that for these two networks
the strain hardening occurred at the higher strain when the PAAc was in the protonated
than ionized form. At pH=10 when all the interpolymer interaction was eliminated by
ionization of PAAc carboxylic group, the strain hardening occurred at lower strain due
to the high degree of swelling.
The secondary modulus showed a bigger value than the initial modulus for the entire pH
range, as was expected. The initial modulus (E1) is related to the low strain regime
(0-10 % stain) in which the chains are far from the maximum stretching hence show a
lower modulus than the secondary modulus. The latter is related to the chains when they
begin to reach their maximum extensibility at higher strain (40-60 % stain), therefore
the polymer network showed a high modulus. The initial modulus for cross-linked
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networks can be explained as the number of effective chains (number of cross-links)
per unit volume [7] where as the secondary modulus (E2) in the high strain regime
(40-50 %) is more sensitive to the number of short chains which are quite stretched
already. It is expected that the first network in DN gels, which is tightly cross-linked,
played a significant role in the tensile moduli measurements.
For DN gels in the first group, while the initial modulus was approximately constant
when the pH was changed from 2 to 10, the secondary modulus in the PAAc:PAAm and
PAAc:PDMAAm DN showed a clear drop before pKa of PAAc (4.7) with the continued
decrease as the pH was increased to 10. This can be attributed to the fact that by
increasing the pH of the media, the ionization degree of the carboxylic groups on the
PAAc was increased and hence, the interpolymer hydrogen bonding was decreased
continually. The secondary modulus, which is more sensitive to the number of short
chains in the system, was decreased as a result of having less interpolymer interaction
and consequently less stretched short chains in the both systems. The other important
fact especially observed above the pKa of the PAAc was the considerable increase in the
water content within the networks. The equilibrium swelling was increased as a
consequence of the increase in the PAAc ionization hence, increasing the osmotic
pressure within the gels and also decreasing the cross-linking density in the DN gel.
The tensile test results for both DN hydrogels in the first group showed that the
presence of interpolymer hydrogen bonding between two networks appears to increase
the σbreak and moduli (as expected). Also, the εbreak was increased as the possibility of
the presence of interpolymer hydrogen bonding was increased in the DN gels.
The fracture energy (Gc) for both DN networks exhibited a continuous decrease with
increasing ionization of the PAAc. According to Bokias et. al. [48], interpolymer
complexation does not form beyond 10 % PAAc ionization for PAAc/PEG. If about a
similar ionization limit was applied for above DN hydrogels then at a pH above the pK a
of the PAAc with roughly more than 70 % ionization, the interpolymer hydrogen
bonding makes no contribution to the mechanical properties. Therefore, as the pH was
increased the formation of hydrogen bonding and its contribution to the gel mechanical
properties decreased significantly.
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In the second group of DN hydrogels, the stress-at-break (σbreak) and tensile moduli of
the PAMPs:PAAm DN hydrogel were found to be dependent on the pH below the pKa
of PAMPs (2.86) and independent of pH above this pH (Figure 4.10 (a) and 4.11). The
DN hydrogels at pH=1 and 2 are able to bear a greater load and showed higher moduli
than at higher pH values. The strain-at-break (εbreak) showed a continuous decrease as
the degree of swelling was increased. It is hard to evaluate the variation of the εbreak at
the pH below and above PAMPs pKa (2.86) because of the presence of rather large
errors in results at low pH (Figure 4.10 (b)). The tensile test results suggested a
possibility of the presence of complexation between PAMPs and PAAm via hydrogen
bonding. At pH below 3 it is expected that most of the sulfonic groups (-SO3H) on the
PAMPs chains are in the protonated form. So, they can act as a proton donor for the
amide groups (-CONH2) on PAAm chains and form hydrogen bonds between the two
polymer chains. The presence of hydrogen bonds appeared to increase the tensile
moduli (as expected) and σbreak with little changes in the strain-at-break (εbreak).
As the pH was increased above the pKa of PAMPs (2.86) the ionization of PAMPs
prevented the hydrogen bonds formation between two networks and the increase of the
swelling degree had a strong influence on the mechanical properties. As equilibrium
swelling changed smoothly with increasing the pH in the PAMPs:PAAm DN hydrogel,
the σbreak and moduli changed little from pH=3 to pH=10. The strain-at-break (εbreak)
remained approximately constant at low pH with a continuous decrease at higher
pH (3-10) due to the swelling at higher pH.
The above hypothesis of the presence of hydrogen bonds below pH=3 is supported by
the tearing test results (Figure 4.17). The fracture energy (Gc) of the PAMPs:PAAm DN
hydrogel was significantly higher at pH=1 (320 J.m-2) than above pH=3 (~ 200 J.m-2).
The tearing test results also showed little change in the Gc above pH=3.
The PAMPs:PDMAAm DN hydrogel is able to perform interpolymer hydrogen bonding
between carbonyl group (-CO) of PDMAAm as a strong proton acceptor and sulfonic
group (-SO3H) of PAMPs as a proton donor in its protonated state. The interpolymer
hydrogen bonding between the carbonyl group and the amide group (-CONH-) on a
PAMPs back bone chain is less favourable due to the steric hindrance of sulfonic and
methyl groups on the PAMPs. The stress-at-break (σbreak) and tensile moduli for the
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PAMPs:PDMAAm DN hydrogel showed the same trend as the PAMPs:PAAm DN
hydrogel (Figure 4.12 (a) and 4.13). The pH dependence of σbreak showed the highest
load bearing below the pKa of PAMPS (2.86) presumably as a result of interpolymer
hydrogen bonding and quite small changes at pH value above 3 due to the absence of
interpolymer hydrogen bonding. In this DN the strain-at-beak (εbreak) showed a higher
tensile strength below pH=3 and stayed almost constant as the pH was increased to 10.
The above results suggested the presence of hydrogen bonding below the PAMPs pKa
(2.86) between sulfonic group of PAMPs and carbonyl group of PDMAAm chains
increased the tensile strain (σbreak) and the moduli (as expected). While, after pH=3 in
the absence of hydrogen bonding the only effective influence on the mechanical
properties was the swelling degree of the DN hydrogel. As the equilibrium swelling did
not change significantly from pH=4 to 10, the σbreak, εbreak and tensile moduli remained
approximately constant after pH=3 (Figure 4.12 and 4.13).
The fracture energy (Gc) of PAMPs:PDMAAm DN hydrogel showed a good agreement
with the above conclusion. When the PAMPs:PDMAAm DN hydrogel was at a low pH
below the pKa of PAMPs (2.68), interpolymer hydrogen bonding between the PAMPs
sulfonic groups and PDMAAm carbonyl groups reinforced the physical cross-linking
interaction in the hydrogel. So, the Gc showed high values at pH < 3 with the moderate
decrease in fracture energy as the pH was increased from 1 to 3 due to the small
increase in the swelling degree (Figure 4.4). At the pH > 3, the G c did not show a
significant change in the absence of hydrogen bonding (Figure 4.17).
The tensile moduli for both DN hydrogels showed large values below the PAMPs‟s pKa
and did not change significantly above the pH=2 (Figure 4.11 and 4.13). The secondary
modulus showed a bigger value than the initial modulus for the entire pH range, as was
expected. The initial modulus (E1) for the PAMPs:PAAm and PAMPs:PDMAAm DN
gels showed bigger values below the PAMPs‟s pKa in the presence of hydrogen bonds
as a results of the presence of more cross-links per unit area and smaller swelling. As
the pH was increased above the PAMPs‟s pKa the hydrogen bonding associations
between two networks were broken hence, the number of cross-links per unit volume
was decreased and smaller moduli were observed. As the degree of swelling in these
two DN gels did not change extensively the initial modulus remained approximately
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constant. The secondary modulus (E2) which emphasizes more on the number of short
chains at higher strain was a bit higher in the presence of hydrogen bonds below the
PAMPs‟s pKa for both DN networks. After the pH=3 less hydrogen bonding was
present in the networks, hence the number of short chains through the hydrogen
bonding interaction and the modulus decreased. In this regime a first network with the
fixed amount of cross-linking expected to have the strongest effect on the modulus.
In both the PAMPs:PAAm and PAMPs:PDMAAm DN gels at pH=1 and pH=3, which
were below and above the pKa of PAMPS, respectively, the degree of swelling was
increased between 10-15 % but σbreak and Gc decreased between 1.5-2 times and in the
PAMPs:PAAm DN gel the tensile moduli decreased more than 2 times. These big
changes in the strength and toughness of DN gels can not be explained just by the small
increase in the degree of swelling but required another reason such as the presence and
absence of interpolymer interaction at the pH below and above the pK a of PAMPs,
respectively.
The pH dependence of the mechanical properties of the PAMPs:PAAc DN hydrogel is
less straightforward than the other systems. In order to interpret the mechanical test
results for the PAMPs:PAAc DN hydrogel, it is worthwhile to look at the possible
hydrogen bond complexation in this DN structure at different pHs. The hydrogen bond
complexation in this DN can be in two forms: (1) interpolymer interaction between
PAMPs and PAAc and (2) intrapolymer interaction between carboxylic groups on
PAAc chains. PAMPs and PAAc can perform interpolymer complexation via hydrogen
bonding if one of them acts as a proton acceptor while the other one keeps its proton as
a proton donor. At the pH below 2.68 (PAMPs‟s pKa) the sulfonic groups on the
PAMPs chains are mostly in the protonated state as are the carboxylic groups on the
PAAc (pKa=4.7). Therefore, the possible interpolymer interaction is the hydrogen
bonding between the hydrogen of the sulfonic group and the carbonyl group on the
PAMPs and PAAc chain, respectively. As the pH is increased above the 2.68 the
sulfonic groups on the PAMPs chains are fully ionized and the carboxylic groups
(-COOH) are able to form interpolymer interaction with sulfonate units via hydrogen
bonding [36] as proton donors. By increasing the pH above 4.7 (PAAc‟s pKa) most of
the carboxylic groups are ionized, hence the interpolymer hydrogen bonds will be
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broken.

The second form of hydrogen bonding interaction in PAMPs:PAAc DN

hydrogel is the intrapolymer hydrogen bonding between the carboxylic groups on PAAc
chains in aqueous solution [37, 49]. Based on the above understanding, inter- and
intrapolymer hydrogen bonding can form at pH < 4.7.
Figure 4.14 and 4.15, show that the stress-at-break (σbreak) and tensile moduli were
dependent on the swelling liquid‟s pH whereas, strain-at-break (εbreak) was almost
independent of pH till pH=10 with the sudden decrease at pH=12. All the pH values that
are mentioned here are the pH of the aqueous solutions that were prepared by
appropriate dilution of 1 M HCl or NaOH aqueous solution. But the real pH inside the
DN hydrogel for PAMPs:PAAc DN hydrogel was found to be different from the
aqueous solution that the specimens were originally soaked in. During the required
soaking time and under the conditions that mentioned at the experimental part, the pH
of swelling liquids around the gels was measured regularly with a pH-meter.
The measured pH of the swelling liquids around the PAMPs:PAAc DN gel decreased
considerably from their original value and stayed low even after changing every other
day during the soaking time (for more details see Table 4.1). It was found too hard to
elevate the pH above 4 with the current range of aqueous pH solutions so it was decided
to use an aqueous solution of NaOH with a pH of 12 in order to achieve a high pH
inside the gel.

Table 4.1 pH information for PAMPs:PAAc DN hydrogel

pH of original swelling
liquid
1-3
4-10
12

Measured pH of swelling
liquid after soaking time
1-2.2
3.6-4.2
12

The stress-at-break (σbreak) for the PAMPs:PAAc DN hydrogel showed a decease from
pH=1 to 3 (original pH of swelling liquid) which was an actual pH below 3 (below the
PAMPs‟s pKa) based on the measured pH. In this regime both the inter- and
intrapolymer hydrogen bonding can be present in the network (Figure 4.14 (a)). The
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continued decrease at σbreak in this regime is due to the increasing of water content in the
PAMPs:PAAc DN and polymer-diluting effects of swelling on load bearing of the
PAAc network. The PAMPs:PAAc DN hydrogel showed the σbreak ~ 0.2 MPa from
pH=4 to 10 regime even though, the equilibrium swelling increased significantly in this
regime. This results can be explained by the presence of two sources of hydrogen
bonding, inter- and intrapolymer hydrogen bonding, when the pH is greater than 3 and
smaller than 5 (see the measured pH in Table 4.1). The big loss of tensile strength (σreak)
at pH=12 indicated that a major contribution to the load bearing capacity was lost with
the absence of inter- and intrapolymer hydrogen bonding. In contrast, the strain-at-break
(εbreak) did not change significantly as the pH was increased from 1 to 10 (measured
pH=1-4.2) (Figure 4.14 (b)). The tensile moduli showed different trends for initial (E1)
and secondary (E2) modulus (Figure 4.15 (c)). The initial modulus (E1) for
PAMPs:PAAc as pH was varied, was quite similar to that described by Myung et. al.
[44]. In addition they proposed a toughening mechanism for PEG/PAAc
interpenetrating polymer network (IPN) by the interpolymer complexation via hydrogen
bonding in their structure. At low pH the pronounced strain hardening happened due to
the presence of interpolymer hydrogen bonding between the first and second networks
consequently increasing the σbreak. Whereas at high pH the hydrogen bonding played
little or no role on the strength enhancement in comparison with the bigger effects of the
high swelling of the loose network (PAAc) against the tight network (PEG). The high
swelling was due to the ionization of loose network and the entry of counter ions and
water in the IPN. The authors suggested that the ionization of PAAc leads to swelling of
PAAc in the restricted PEG network and this differential swelling creates a “pre-stress”
IPN that enhanced the Young‟s moduli as the pH was increased. The increase in the
moduli is not due to the hydrogen bonding, but due to the stretching of the first network
within the IPN even when the structure is not mechanically deformed.
In the PAMPs:PAAc DN gel both the networks are polyacids. Increasing the pH of
media has an influence on the degree of swelling of both the networks. The tight
network (PAMPs) is almost fully ionized after pH=2 and changing the pH has
significantly smaller influence on its swelling degree than it would have on a weak
polyacid like PAAc. Also, the PAMPs network, as a highly cross-linked network,
restrains the high swelling of the loose PAAc network as the pH was increased
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(Figure 4.5). The initial modulus (E1) for the PAMPs:PAAc DN gel increased as the pH
was increased and the PAAc was ionized and swelled more (Figure 4.5). The increase in
initial moduli was more pronounced as the pH was increased from 1 to 4 when there
was the big change in the degree of swelling as a result of PAAc ionization and also
interpolymer hydrogen bonding breaking in this regime (see Table 4.1 and beginning of
the discussion for more details). A sudden increase at the initial modulus at the pH=12
was related to the high swelling due to the absence of inter- and intrapolymer hydrogen
bonding in the DN gel and fully ionized carboxylic groups on the PAAc chains.
In contrast the secondary modulus (E2) showed a continuous decrease as the pH was
increased from 1 to 6 and then increased in the media with pH=10 and 12 (Figure 4.15).
As stated before, the E2, which is the modulus at the high strain, has more emphasis on
the number of short chains close to maximum extensibility in the cross-linked structure.
The E2 showed a continuous decreased as the pH of media was increased close the
PAAc‟s pKa (4.6) (see the Table 4.1 for the measured pH for the media). It appears that
by decreasing the presence of inter- and/or intrapolymer hydrogen bonding in the DN
gel, the E2 was decreased in spite of a swelling increase. The decrease can be due to the
less polymer interaction or the cross-linking in the network and consequently a decrease
in the number of short polymer chains in the network. As the pH was increased to
10 and 12, most of the inter- and/or intrapolymer hydrogen bonding were removed by
the ionization of the acid units and consequently the E2 was increased. The increase in
the E2 happened when the PAAc chains transformed from the partially to the fully
charged and stretched chains. A possible explanation is that the E2 was influenced by
the second networks in PAMPs:PAAc DN gel. So, as the PAAc was getting more
charged the chains were stretched further and became stiffer and the secondary modulus
was increased.
The tensile test results suggested that while the presence of inter- or intrapolymer
hydrogen bonding had a small influence on the εbreak but it can support the
PAMPS:PAAc DN to stand a higher load and consequently bigger σbreak than in the
absence of the hydrogen bonding in the gel. The moduli appeared to be affected by both
hydrogen bonding interaction in the DN hydrogel and the degree of swelling related to
the increasing the ionization degree of PAAc.
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The PAMPs:PAAc DN hydrogels showed quite different stress-strain curves in
comparison with the PAMPs:PAAm and PAMPs:PDMAAm DN hydrogel as the pH of
media was changed. While the critical strain (εcritical) was almost independent of the pH
for the PAMPs:PAAm (~ 30-35 % strain) and the PAMPs:PDMAAm (~ 20 % strain).
The εcritial of the PAMPs:PAAc DN hydrogel was strongly correlated with the pH. The
typical strain-stress curves for the PAMPs:PAAc DN hydrogel at different pHs are
plotted in Figure 4.27. The εcritial was higher for low pH (67-64 % strain) and quite small
for pH=12 (less than 10 % strain), meaning that the network strain hardened more
rapidly at pH above 4 which is the threshold to get strong intrapolymer hydrogen
bonding between two polymer chains. This strong interaction is as a result of the
partially neutralization of PAAc and the formation of hydrogen bonds between ionized
and nonionized carboxyl groups [37, 43]. The loading curves for PAMPs:PAAc gels at
different pHs showed a strong dependence of the tensile strength on the degree of
swelling. This dependence was too big to be caused only by swelling changes and, as
was discussed earlier, the inter- and/or intrapolymer interaction was important too.
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Figure 4.27 Loading curves of PAMPs:PAAc DN hydrogel under uniaxial elongation at the
elongation velocity of 10 mm/min for the DN gels were swollen in the different pH aqueous
solutions.
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The fracture energy (Gc) results showed a good agreement with the tensile strength
results of the PAMPs:PAAc DN hydrogel and the proposed hydrogen bonding
complexation in this DN hydrogel. In Figure 4.18, the fracture energy (Gc) of gels at
equilibrium swelling showed a high value at low pH (pH=1-3) and low water content.
As the pH was increased to 4 the fracture energy decreased to almost one-fourth and
stayed relatively constant until pH=10 even though the swelling ratio increased almost
1.5 times.
The rather stable Gc between pH=4 to pH=10 was related to the presence of inter- and
intrapolymer hydrogen bonding in the pH range below the pKa of PAAc
(see the measured pH for different pH in Table 4.1). A small decrease was observed in
Gc in the swelling liquid with pH=10 which gave a pH of 4.2 when the pH was
measured with a pH-meter. The measured pH was close to the pKa of PAAc, which
would be more than 10 % neutralized and consequently a decrease at interpolymer
interaction [48] as well as intrapolymer interaction [37, 43] was expected. At pH=12 all
the carboxylic groups will be ionized and any polymer complexation via hydrogen
bonding was dissociated. Thus, at pH above 5, hydrogen bonds make no contribution to
the mechanical properties. It can be concluded that the decrease for the Gc at high pH is
due to the absence of the hydrogen bonding and the high water content in DN hydrogel.
There is an almost ten-fold decrease in Gc at pH=12 in comparison with the Gc at low
pHs with hydrogen bonding present and a low water content in DN hydrogels.
The mechanical tests results revealed that even though the interpolymer interaction
via hydrogen bonding between PAAc and PDMAAm is much stronger than hydrogen
bonding between PAAc and PAAm [29], the PAAc:PDMAAm was weaker DN
hydrogel than the PAAc:PAAm DN material. As mentioned earlier, the PAAm can
display an intramolecular complexation via hydrogen bonding in water [45-47].
Therefore, PAAm does not form as effective interpolymer hydrogen bonding with
PAAc as PDMAAm without any intramolecular complexation able to form. The weight
ratio of the polymer in the first network to the second network in both DNs is almost the
same (1:17 for PAAc:PAAm in comparison with 1:16 for PAAc:PDMAAm) also, the
polymerization rates are almost equal for AAm and DMAAm polymerization [50]. The
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main difference between PAAm and PDMAAm is the capability of PAAm to perform
intrapolymer hydrogen bonding while PDMAAm is not able to do that. One of the
possible reasons for the better mechanical properties for the PAAc:PAAm DN than
PAAc:PDMAAm can be the presence of intrapolymer hydrogen bonding in the former
material‟s second network but not in the latter material‟s second network. A similar
difference was observed between the PAMPs:PAAm and PAMPs:PDMAAm DN
hydrogels (refer to the mechanical test results at the second group of DN hydrogels).
The tensile strength was a bit bigger for the PAMPs:PAAm than PAMPs:PDMAAm
DN hydrogel in the same range of pH but the fracture energy (Gc) was almost four times
bigger in the whole pH range for the PAMPs:PAAm DN hydrogel than in the
PAMPs:PDMAAm DN hydrogel.
A possible reason of having a DN hydrogels with low strength and toughness can be
due to the existence of short chains in-between cross-link points in the second polymer
network structure [8, 51]. The molecular weight between cross-links (Mc) for the second
networks of the DN hydrogels was calculated based on equation (4). The calculated Mc
was around 6000 g/mol for PAAm network, 10000-11000 g/mol for PDMAAm
network, and 7000-8000 g/mol for PAAc networks. While the PAAm and PAAc
networks showed quite similar values of Mc, the PDMAAm networks showed a
significantly larger molecular weight between cross-links. Therefore the lower
mechanical properties of the DN hydrogels from PDMAAm in comparison with the
similar DN hydrogels with the PAAm in their structure were not related to the short
length of polymer chain between cross-links.
Another possible reason for the decrease in the fracture strength in the DN with
PDMAAm instead of PAAm as a second network is the appearance of defects in the
first network structure due to its large swelling in the solution of second monomer
during the two step DN preparation. In Table 4.2, the equilibrium swelling ratio (Q) of
the first network after polymerization (without drying) in the second monomer solution
for different DN hydrogels in this study is listed. The proportional swelling changes for
the PAAc network in the AAm and DMAAm monomer solutions were not very
different. The same is true for the PAMPs network swelling ratio in the solution of
DMAAm and AAm monomer solution. Hence, in the DN gels with the PAAm or
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PDMAAm as a second network, the small differences in the portion of the second
networks can not cause big changes in the mechanical properties of these two groups of
DN gels.

Table 4.2 The swelling ratio (Q) of the different first networks in the aqueous solution of monomers
of the second networks.

First
network
PAMPs
PAAc

Monomer solution
AAm
30-34
9-9.5

DMAAm
38-40
7-7.5

AAc
27-30
-------

The other possibility for the difference between PAAm and PDMAAm networks is the
level of inhomogeneities in the hydrogel structure. In theory, inhomogeneities in
polymer network structure can affect the toughness of the gel network structure in a
positive or negative way.
Inhomogeneity can reduce the toughness in the network structure if it is causing a
significant variation in the cross-linking density in a network structure and creating
some brittle regions. For example, it can be assumed that in the DN hydrogel, variation
in the cross-linking density of the first network can affect the toughness of DN gels.
This variation can cause variation in the swelling of the first network in the solution of
second network monomer and hence cause some brittle regions in the network structure.
Also, crack initiation and propagation happens firstly in a tight network that is the first
network of a DN gel. The crack initiation and propagation will be easier in the
inhomogeneous network with lots of weak points than in the homogeneous network
with less weak points.
On the other hand, it is well known in the field of biomechanics that inhomogeneity can
improve the mechanical strength [52]. Na et. al. [5] showed the close correlation of
inhomogeneity in DN gels with their drastic enhancement strength. They also suggested
that the second loose network in the DN gels structure may play an important role in the
excellent mechanical properties of these groups of materials.
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Orakdogen et. al. [50] monitored the polymerization reaction in both AAm and
DMAAm monomer solutions with MBAAm cross-linker by both dilatometry and light
scattering. They showed that, regardless of the cross-linker ratio and of the initial
monomer concentration, PDMAAm gels are much more homogeneous than the
corresponding PAAm gels. The light scattering intensity profile during the gelation of
PAAm showed a maximum at a critical reaction time which is due to the monomer
conversion. But PDMAAm systems showed both a maximum and a minimum in
scattering light intensity, corresponding to the overlap threshold and the gel points,
respectively. The authors explained that this difference in time-course between the two
gel formation systems is a late gelation in the DMAAm systems with respect to the
critical overlap concentration. Thus gelation in the DMAAm systems occurs in the
semidilute regime while in the AAm system it occurs in the overlap concentration. This
delay can be due to the bulky groups at PDMAAm chains, which cause a decrease in the
reactivity ratio of a growing chain with the already cross-linked chain. Hence, in the
presence of cross-linker, the gel point in the DMAAm system shifts to higher
conversion with higher molecular weight of polymers compared to the AAm system.
So, the PDMAAm gel is more homogeneous than PAAm gel with the same effective
cross-linking density and scatters much less light than the corresponding PAAm gel.
The above understanding about the difference between PAAm and PDMAAm networks
suggested the intrapolymer hydrogen bonding in the second network appears to
contribute to the mechanical strength of DN hydrogel in a same way that the
interpolymer hydrogen bonding does. Also, the inhomogeneity in the second networks
can improve the mechanical properties of DN hydrogels.
4.5.2.1 Effects of water content in DN hydrogels on the mechanical properties
As asserted earlier, the increase in equilibrium swelling in the DN hydrogels can
influence the mechanical properties of the hydrogels. Baumberger and his co-workers
[53, 54] studied the crack dynamics in gels of gelatin in water and water/glycerol
mixtures. They showed that wetting a crack tip with a gel solvent speeds up crack
propagation and the larger the viscosity of the solvent the slower the crack propagate
under a given load.
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In order to get a better understanding of the effects of hydrogen bonding and water
content on the mechanical properties of DN hydrogels, the two following tests were
conducted: (1) the tearing test was carried out under the same conditions as before but at
a constant degree of swelling for the PAMPs:PAAc and PAAc:PAAm DN hydrogels
from the first and second group of DN hydrogels respectively (for sample preparation
see the experimental section) and (2) a tearing test experiment was set up in which a
drop of the gel solvent (deionized water) was introduced into the already moving crack
opening. For the latter experiment the DN hydrogels were tested immediately after
second polymerization without further swelling in water or changing the pH. The data is
discussed in the following section.
Based on the tensile and tearing test results in a first and second group of DN hydrogels,
it can be concluded that the two effects of swelling, and hydrogen bonding as a form of
inter- or intrapolymer hydrogen bonding interaction, can make contributions to the
enhancement of the mechanical properties of the DN hydrogels. To investigate and
validate the effect of swelling degree and hydrogen bond reinforcement in DN hydrogel,
the tearing test with the same water content for DN gels soaked in different pH swelling
liquids was conducted. The specimens were prepared as explained in the experimental
part.
In the first group of DN hydrogels, the fracture energy (Gc) for the PAAc:PAAm DN
hydrogel at a constant degree of swelling showed almost the same results between pH=2
and 4 (Figure 4.16). When the pH was increased above pH=4, the carboxylic group on
PAAc was started to ionize and consequently the capacity of hydrogen bond
complexation between these two network was lost. In this regime (pH=4-10), Gc
dropped to low values for the partially (pH=6) or completely ionized (pH=10) PAAc.
The similar phenomenon was observed just for the PAMPs:PAAc DN from the second
group of DN hydrogels. In Figure 4.18, the fracture energy of the PAMPs:PAAc DN
with the same degree of swelling for different pHs showed almost constant Gc when the
pH was increased from 2 to 6 (the measured pH was still quite below the pKa of PAAc).
In contrast, when the pH was increased to higher value and the hydrogen bonds started
to dissociate as a result of ionization of proton donor units, the Gc value showed a
significant decrease.
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The above results suggested that, for the DN hydrogels which the inter- and/or
intrapolymer hydrogen bonding contributed to their toughness, a significant decrease at
the Gc in the high pH (above the pKa of polyacid), was mainly caused by the absence of
the hydrogen bonding interaction in their structure, not the degree of swelling.
By comparing all the DN hydrogels in the two groups it can be concluded that the
swelling ratio and polymer interaction played an important role in their mechanical
properties. In the systems where stable inter- and/or intrapolymer interactions
via hydrogen bonding were present, the mechanical properties were controlled mainly
by the presence and absence of these interactions rather than swelling ratio. Whereas,
the degree of swelling was the dominant effect when the interaction between two
networks (interpolymer interaction) or within one network (intrapolymer interaction)
was weak or absent.
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Figure 4.28 Effect of wetting the crack tip on the load records for the tearing test of second group of
the DN gels at the elongation velocity of 100 mm/min. The arrows show the points that one-two
drops of water added to the crack tip.

Figure 4.28 shows the effect of introducing a drop of water into the moving crack. The
PAMPs:PAAm and PAMPs:PAAc DN showed a big drop at the recorded force as water
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added, while the PAMPs:PDMAAm hardly shows any changes in the crack propagation
force. Baumberger et. al. [53, 54] suggested a fracture mechanism for physical
hydrogels like gelatin which are mainly held together by cross-links made of segments
of three-stranded helices stabilized with hydrogen bonding. They claim that in the
physical gels, the fracture can take place via a chain-pull out rather than chain scission.
It means in the highly stressed active zone, the local zone around the tip region, the
chains which cross the crack plane creep until they completely pull out the gel network.
As the solvent was added to the crack tip, the crack propagation gets faster under a
given load and the shift toward the lower fracture energy was seen for all the different
crack velocities. They concluded that when the fracture threshold is controlled by the
cross-link yield stress and it is mainly related to the network, crack dynamics is
controlled by the chain/solvent friction.
In the presented results at Figure 4.28 the PAMPs:PDMAAm DN gel was the only
network that did not show a significant change in the fracture force as the solvent
(water) added to the crack tip. This result suggested that in the PAMPs:PDMAAm DN
gel the fracture happened just by the chain scission and the chain-pull out phenomenon
was not strong or relevant in this DN gel. While in the two other networks the chainpull phenomenon was presented. As the chain-pull out phenomenon is more relevant to
systems with hydrogen bonding present as a form of physical interaction, for that three
studied DN gels in the above experiment the PAMPs:PDMAAm DN gel seems to do
not have strong hydrogen bonding in its system, when the PAMPs:PAAm and
PAMPs:PAAc systems showed a presence of hydrogen bonging interaction in their
systems. The remarkable point in this test was, when the crack grew rapidly in the
PAMPs:PAAm DN gel by adding the drop of water it curved out of the plane, but in the
PAMPs:PAAc DN gel it did not. The crack propagation in the PAMPs:PAAc DN gel
stayed in the centre plane after slowing down the growth.

4.5.3 Light transmission studies
Polymer–polymer complexation in solution is always accompanied by the contraction
or collapse of the component polymer coils which results in the decrease of the light
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transmittance, or even precipitation if the concentration is high enough [19, 20, 29, 5557]. Therefore, the complexation of polymers due to hydrogen bonds in an aqueous
solution was studied by light transmittance of different polymer mixtures over a pH
range from 2 to 10 at room temperature.
The light transmission results revealed a strong pH dependency of light transmittance
for the first group of polymer mixture solution (Figure 4.19). The minimum value of the
transmittance at a pH below 4 corresponded to the strong interpolymer interaction
via hydrogen bonding between the carboxylic groups of PAAc and the carbonyl groups
of PAAm or PDMAAm, below the pKa of PAAc (4.7) [19, 20]. In contrast, the second
group of polymer mixtures showed a small pH dependency of light transmittance. The
PAMPs/PAAc polymer mixture was the only polymer mixture that showed a small
increase in the light transmittance when the pH was decreased below the pH=4. These
results revealed that the interpolymer interaction via hydrogen bonding in the second
group of polymer mixtures is quite small in comparison with the first group of polymer
mixtures.

4.5.4 Particle size studies (Zetasizer)
The Zetasizer system was used to determine the particle size in the aqueous solution of
homopolymer or polymer mixture chains. The Zetasizer technique was explained in
chapter 3 (see section 3.5.4 for more details).
The size distribution of homopolymer solutions and polymer mixture solutions was
studied as the pH of the solutions was changed to acidic (pH=2) and basic (pH=10) pH
by adding 0.1 M HCl or NaOH aqueous solution to the related polymer solutions. It was
expected that the particle size in the polymer solutions would increase, as the interaction
between the polymer chains increased to form multi molecule particles, and would
decrease with dissociation in the polymer solutions. As asserted earlier, at low pH the
presence of interpolymer hydrogen bonding is more likely due to the highly protonated
acid groups on the polyacid chains, while, at high pH the interpolymer hydrogen
bonding is broken due to the ionization of polyacid. So, in most polymer mixture
solutions at pH=2, a bigger size distribution is expected than pH=10 if interpolymer
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interaction is present. The exception is the PAMPs/PAAc polymer mixture in which
both polymers are polyacid but with different degree of ionization, which showed
almost the same phenomena as the polyacid/polybase polymer mixture. It should be
mentioned that, for this measurement method, even though the charge density and interor intrapolymer interaction have primary influence on the particle size, both of these
factors are strongly dependent on the concentration of the solution. In the dilute
polymer solutions the inter- and intrapolymer interactions showed different effects on
the particle size. Hence, the interpretation of the results is hard. The necessary
information on the effect of each factor on the particle size is given later in the
following discussion.
The homopolymer solutions of PAAm and PDMAAm showed a small influence of pH
on the size distribution profile for these two polymer chains (Figure 4.20 (a-b)). This
result is expected as these polymers did not show large influence of pH on their physical
properties either (see swelling discussion section). However, a small increase at pH=2
was expected in the PAAm polymer solution due to hydrolysis of this polymer at low
pH and the formation of an intermolecular imide link [58]. This may not be observed
due to highly solubility of imide and the dilution of the solution. Moens and Smets [58]
explained that the imide cross-linking reaction between different polymeric chains
seems unlikely in the diluted medium, considering the solubility of the products in the
cold dilute hydroxide. The dilution of the polymer solutions for this test was required to
be able to do proper filtration and gain repeatable results.
In contrast, the PAAc homopolymer solution exhibited a different size distributions at
pH=2 and 10 in comparison with that of the solution made without changing the pH
(Figure 4.20 (c)). The PAAc homopolymers form intrapolymer hydrogen bonding
between the carboxylic groups. The formation of intrapolymer hydrogen bonding
depends on the degree of ionization of PAAc [37, 43]. While in water PAAc shows
stable intrapolymer hydrogen bonding [49, 59], at pH=2 most of the carboxylic groups
on a PAAc chains are protonated and the intrapolymer hydrogen bonding is much
reduced. The effect of charge on the size of polymer chains is more pronounced in a
dilute solution than in a concentrated one. The PAAc chains are in a collapsed state at
pH=2 [15, 55] hence, the size distribution of PAAc homopolymer showed just one peak
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instead of three peaks in size distribution profile when the solution made without
changing the pH (in distilled water). At pH=10 most of the carboxylic group on the
PAAc chains are ionized and can not form intrapolymer hydrogen bonding. The
repulsion between the charge groups on the PAAc chains would expand the polymer
coils. So, at pH=10 a higher size distribution with three peaks for PAAc chains was
observed than the size distribution of the polymers at pH=2. It can be assumed that the
peak at ~ 1000 nm for PAAc chains in water was caused by multi-chain particles when
the PAAc was partially ionized.
The solutions of the first group of polymer mixtures showed relatively similar
phenomena at different pHs (Figure 4.21 (a-b)). Both polymers mixtures exhibited the
second peak at 1000 nm while the PAAm and PDMAAm homopolymer solutions
showed just one main peak at 100 nm. The appearance of a peak at a bigger particle size
was due to the formation of interpolymer interaction via hydrogen bonding between
first and second polymers in polymers solutions. Also, in both polymer mixtures, the
bigger range of particle sizes observed at pH=2 than without any change at pH was due
to the formation of fully protonated carboxylic acid of PAAc and hence stronger
hydrogen bonding between two polymers in each solution. The smaller range of particle
sizes observed at pH=10 than in the solution made without changing the pH was due to
the full ionization of the carboxylic group of the PAAc and the lack of hydrogen
bonding between the two polymers in each mixture. The PAAc/PDMAAm showed
more material at large particle size with the extra peak just below 10000 nm as a result
of forming more stable interpolymer hydrogen bonding than was formed between PAAc
and PAAm [29].
The above results confirmed that interpolymer complexation via hydrogen bonding was
quite stable in aqueous solutions of PAAc with PAAm or PDMAAm as expected. Also,
the pH changes from 2 to 10 effected the association or dissociation of hydrogen
bonding between two polymers significantly. The PAAc and PDMAAm made more
stable hydrogen bonds than PAAc and PAAm due to the lack of intrapolymer
interaction for PDMAAm and consequently more efficient interpolymer complexation
with PAAc. So, the particle size measurement by zetasizer was able to show the
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presence or absence of interpolymer interaction via hydrogen bonding under the
experimental conditions.
The effect of changing pH on the size distribution of the second group of polymer
mixtures was shown in the Figures 4.22. The PAMPs/PAAm and PAMPs/PDMAAM
polymer mixtures did not show significant change in the size distribution compared
with the size distribution of the second polymer by itself (Figure 4.20 (a-b) and 4.22
(a-b)). The polymer mixture solutions with different pH for these two mixtures showed
almost the same size distributions in comparison with that of the polymer mixture
solutions made without changing the pH (Figure 4.22 (a-b)). The only exception was the
PAMPs/PDMAAm polymer mixture that showed a bigger particle size at pH=2
(small peak at 1000nm). These results revealed a low level of interpolymer interaction
between PAMPs and either PAAm or PDMAAm in aqueous solution. As was expected
PDMAAm, as a strong proton acceptor, formed interpolymer interaction via hydrogen
bonding with PAMPs in its protonated state at pH=2 and a small peak at 1000 nm
appeared in the size distribution graph of the PAMPs/PDMAAm mixture (Figure 4.22
(b)). This small peak totally disappeared at the pH=10 due to the ionization of PAMPs
and breaking the interpolymer hydrogen bonding.
The PAMPs/PAAc polymer mixture showed almost the same size distribution peaks for
pH=2 and 10 as the PAAc homopolymer solution (Figure 4.22 (c)). Polymer mixtures
in a solution made without changing the pH showed a bit bigger particle size peak
between 1000 and 10000 nm instead of the big peak at the 1000 nm seen in the PAAc
homopolymer chain solution. The increase in the size of particles in the polymer
mixture was due to the formation of some interpolymer interaction between PAMPs and
PAAc polymers. The same effect as was seen for PAAc homopolymer solutions at
acidic and basic pH, could be seen in the mixture of PAMPs/PAAc polymer as well. At
pH=2 most of the sulfonic and carboxylic groups are protonated therefore, the
interpolymer hydrogen bonding between PAMPs‟s sulfonic group and PAAc‟s carbonyl
group was expected and, as mentioned earlier, a low level of intrapolymer hydrogen
bonding for PAAc is expected. In the size distribution profile of the PAMPs/PAAc
solution at pH=2 only one peak at the 70 nm was seen. The expected increased at the
size distribution as a result of hydrogen bonding did not happen in this polymer mixture.
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The reason can be the bigger influence of a big mass portion of PAAc (1:23 weight ratio
for PAMPs:PAAc) in a collapsed state at pH=2 [15, 55] than the hydrogen bonding
effect on the size distribution profile in the dilute solution. Hence, the size distribution
of PAMPs/PAAc solution at pH=2 showed the same profile as the PAAc solution at
pH=2 (Figure 4.20 (c)).
At pH=10 because of the presence of highly ionized sulfonic and carboxylic groups and
their inability to form hydrogen bonding the particle size showed small size distribution
in comparison with that of the solution made without changing the pH (Figure 4.22 (c)).
Also, the charge repulsion was increased on the polymer chains as a results of ionization
and it was expected to form more expanded coils than those occurring at pH=2.
From the above results it can be concluded that in the second group of polymer mixtures
the PAMPs/PAAc has more interpolymer interaction than the PAMPs/PAAm and
PAMPs/PDMAAm polymer mixtures. Even though it is hard to be sure about the
interpretation of the results as different effects of inter- and intrapolymer interactions
occur in dilute solution and the charge density in this system had different effects. The
PAMPs/PDMAAm is the only mixture that showed the formation of strong
interpolymer interaction when the pH was decrease to pH=2.

4.5.5 Rheology studies
The viscosity of a homopolymer solution usually reflects the hydrodynamic volume of
the individual polymer coils and hence the polymer conformation in the media. The
viscosity of polymer mixtures can reveal some information about the possible
interaction between two polymer chains [60-65]. In this section the effect of the
presence of hydrogen bonds on the viscosity of different polymer mixtures was studied
by changing the pH of aqueous solutions to pH=2. Unfortunately this test could not be
performed at a basic pH because of the risk of instrument corrosion and hence the
strong effect of the stretched weak polyacid chains (PAAc) on the viscosity of solution
due to the charge repulsion of the ionized acrylate groups could not be observed. Any
changes towards high ionization of the PAAc in these polymer mixtures cause
significant stretching of the polyacid chains as a result of charge repulsion of the ionized
194

Chapter 4 – Effects of pH on the properties of DN hydrogels

groups on the chain, and consequently a significant increase in viscosity. This increase
in the viscosity is more significant than the effect of hydrogen bonding on the viscosity
of the solution. Even though, the increase in viscosity at pH=10 was significant for the
rheology test results of the first group of polymer mixtures but the size distribution
measurements did not show a significant change in the particle sizes for these polymer
solutions.
The effect of inter- or intramolecular association on the viscosity of the homo- or mixed
polymer solutions is strongly depended on the viscosity of the polymer solution. For
example intrapolymer interaction in a dilute homopolymer solution can decrease the
viscosity of the solution as a result of contraction of the polymer chains. But the same
interaction in a concentrated solution causes an increase in the viscosity because of a
strong effect of the chains overlapping. In addition, the effect of varying the charge
density on the polymer chains by changing the pH has an effect on the viscosity of the
polymer solution. The presence of different variations to explain the viscosity results
make the interpretation hard. In the following section, the necessary information about
the viscosity results in each system is given separately.
The homopolymer solution showed a change in behaviour as the pH of the media
changed to pH=2 (Figure 4.23). PAAm showed an increase in viscosity as the pH was
decreased to 2 (Figure 4.23). This significant increase can be the effect of hydrolysis of
PAAm at low pH to form acid groups on a chain and partial imidization of PAAm
chains [66]. This partial imidization leads to intramolecular imide groups and
consequently increases the viscosity of solution as a result of having less flexible PAAm
chains. Moens et. al. [58] studied the formation of intramolecular imide group in PAAm
aqueous solutions. They explained that two different reactions may be responsible for
the formation of intramolecular imide groups; first the interaction of an acid group with
a neighboring amide functional group, and second, the interaction of two amide
functions. In order to study the relative importance of reactions one and two, they
isolated the sample before it was insoluble and analyzed it for acid and nitrogen content.
Their results indicated that the reaction of an acid group with a neighboring amide
functional group has a lower energy of activation for imidization and hence it is more
likely to proceed to the formation of intermolecular imide group. The PDMAAm
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homopolymer did not show any change at pH=2 as expected because of the lack of any
possible interaction between the polymer chains (Figure 4.23).
The viscosity of PAAc homopolymer showed a decrease as the pH was deceased to
pH=2 (Figure 4.23). This decrease can be as a result of the decrease in intrapolymer
hydrogen bonding via hydrogen bonding between carboxylic groups. As asserted
before, the polyacrylic acids are known to form strong hydrogen bonds between their
carboxylic groups in aqueous solution [49, 59, 67]. The intramolecular interaction
between PAAc chains via hydrogen bonding is dependent on a degree of neutralization
of the carboxylic groups on the PAAc backbone. Ilavsky et. al. [43] studied the
photoelastic and swelling behaviour of PAAc gels as a function of cross-linking degree
and degree of ionization (α). They showed the degree of swelling passes through a
minimum at α = 0.15, regardless of the degree of cross-linking, due to the formation of
strong hydrogen bonds between ionized and nonionized carboxyl groups. They also
reported that, in a loosely cross-linked network of PAAc, the highest degree of
hydrogen bonding is in a range of 3 < pH < 3.5 [37]. Based on the above understanding,
at pH=2 the degree of ionization was less than in the aqueous solution of PAAc with its
original pH (~ 3), hence there was the less intrapolymer hydrogen bonding. Another
reason for the decrease in the viscosity of the PAAc solution at pH=2 can be related to
the fact that, as at pH=2 most of the carboxylic groups on the PAAc chains were
protonated and the PAAc chains were in a collapsed state. Consequently the chains were
contracted and showed lower viscosity in comparison with the PAAc chains which are
not in the collapsed state.
In polymer mixture solutions of polybase and polyacid the change in solution viscosity
corresponds to the interpolymer interaction between the two polymer species [62]. At a
sufficiently high concentration and molecular weight of the polymers, the complexation
between a polyacid and polybase may lead to mixtures of high viscosity [64, 65]. But, if
even few very long acid sequences are present, which are much longer than the critical
chain length (Lc), the polyacid chains are almost entirely complexable [19, 61, 62] and
the complexes formed are very compact. This complexation leads to a low viscosity of
the mixture and, in the case of sufficient interpolymer hydrogen bonding, possibly to
precipitation.
196

Chapter 4 – Effects of pH on the properties of DN hydrogels

The first group of polymer mixture solutions showed more than an order of magnitude
lower viscosity at pH=2 than the solutions made without changing the pH (Figure 4.24).
The significant viscosity decrease at pH=2 was accompanied with the change in the
appearance of the polymer mixture solution which went from a transparent solution to a
milky opaque solution as well. Iliopoulod et. al. [61] showed that the complexation
between polyacid and polybase with sufficiently high molecular weight and
concentration can lead to a very compact complexation with the possibility of
precipitation and a low viscosity due to the phase separation.
Here in the first group of polymer mixtures at pH=2, the acrylate groups on PAAc
chains as a polyacid are entirely protonated and form a strong stable interpolymer
complexation with PAAm or PDMAAm as a polybase via hydrogen bonding. Under
these experimental conditions phase separation occurred due to the strong interpolymer
hydrogen bonding and hence a low viscosity was observed. The appearance of a milky
colour indicated the formation of compact insoluble polymer chains in the aqueous
solution which eventually precipitated.
In the second group of polymer mixtures, the PAMPs/PAAm and PAMPs/PDMAAm
mixtures showed a small if any decrease in viscosity (Figure 4.25). It was expected that
as the pH was deceased to 2, the viscosity of the polymer mixtures would exhibit a
change if any interpolymer interaction formed due to the presence of protonated
sulfonic acid on the PAMPs chains interacting with the carbonyl group on the PAAm or
PDMAAm chains. The above results are hard to assess due to the small change in
viscosity that could be due to experimental error. It can be concluded that, under these
experimental conditions, not enough interaction was present to change the viscosity of
the PAMPs/PAAm and PAMPs/PDMAAm significantly.
The PAMPs/PAAc polymer mixture exhibited a lower viscosity at pH=2 than in a
solution made without changing the pH (Figure 4.25). The decrease at viscosity was in
the same range of PAAc linear chains at pH=2 (Figure 4.23). As discussed earlier, even
though the interpolymer interaction can exist at this pH, the intrapolymer interactions
are at their lowest level. Also, the biggest fraction of the mass of the polymer mixture,
which is the PAAc, is in its collapsed state (for more details see particle size
measurement section). Based on the above understanding, it can be concluded that at
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pH=2 the collapsed state of the PAAc and intrapolymer interaction via hydrogen
bonding had bigger influence on the viscosity of PAMPs/PAAc polymer mixture than
the interpolymer hydrogen bonding.
The above results suggested that the rheology test was able to show for the first group
of polymer mixtures that stable hydrogen bonds were formed in both systems. The
viscosity was changed as the interpolymer interaction increased or decreased. The
PAMPs/PAAm and PAMPs/PDMAAm systems did not exhibit a significant presence of
hydrogen bonding, even at pH=2. The rheology test suggested that the intrapolymer
hydrogen bonding between PAAc chains are the more effective source of hydrogen
bonding for these polymer mixtures.

4. 6 Conclusion
The presence of the polymer interaction via hydrogen bonding and its contribution to
the mechanical properties of the DN hydrogels was studied by varying the amount of
hydrogen bonding in the DN gels. The hydrogen bonding interaction within the DN gels
were varied by controlling the ionization degree of polyacid groups in the DN hydrogels
by changing the pH of the media.
Two groups of DN hydrogels were compared with each other. The first group of DN
hydrogels, with PAAc as a first network, was specifically developed as a group with
hydrogen bonding interaction present in their structure. This group was used as a
reference group for mechanical and characterization tests. The second group of DN
hydrogels, with PAMPs as a first network, was polymerized without clear evidence of
the presence of hydrogen bonding. The results for mechanical and characterization tests
on the DN gels and the mixed polymer solutions of uncross-linked polymers in each
group were obtained and compared, respectively.
The mechanical tests results for the first group of DN hydrogels, with the PAAc as a
first network, showed a strong relation between the presence of interpolymer hydrogen
bonding interaction and the mechanical propertied of the DN gels. The first group of
DN hydrogels showed a continuous decline in the σbreak, εbreak, tensile moduli and
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fracture energy (Gc) values when the pH was increased form acidic to basic. The DN
gels in this group showed quite low mechanical properties at a pH above the pKa of
PAAc, when the interpolymer hydrogen bonding between the two networks was
completely broken and could not have any contribution to the mechanical properties of
DN gel. The σbreak and Gc showed a decrease by a factor of two or more when the
intrapolymer hydrogen bonding between to polymer networks was removed as a result
of fully ionization of the PAAc. Whereas, the second group of DN hydrogels, except the
PAMPs:PAAc DN gel, showed a small increase in the mechanical properties of DN gels
as the pH was decreased below the pKa of PAMPs and did not appear to change
significantly at the pH above the pKa of the PAMPs, when the interpolymer hydrogen
bonding was expected. The PAMPs:PAAc DN gel showed a strong influence of the
presence of hydrogen bonding on its the mechanical properties. The results indicated
that the modulus increased seven-fold as the pH was increased over the range, as a
result of the stretching of the first network caused by the swelling induced by the
ionization of the second network in pH‟s above the pKa of PAAc. Stress-at-break (σbreak)
and strain-at-break (εbreak) decreased by about a factor of two when the pH was
increased over the range due to the polymer dilution by increasing the swelling and also
loss of load bearing in the high pH in an absence of hydrogen bonding. The fracture
energy (Gc), which ranged from 400 J.m-2 to 50 J.m-2, exhibited a strong dependence on
swelling degree and presence of hydrogen bonds in the DN structure. The results for the
PAMPs:PAAc DN gel suggested the possible effect of the intrapolymer interaction on
the mechanical properties on DN hydrogels in a same way as interpolymer interaction.
The characterization tests on the polymer mixture solutions based on the contain
polymers in each DN hydrogel systems were able to confirm the presence of a strong
hydrogen bonding in the first group of polymer mixtures, related to the first group of
DN gels. The tests in the second group of polymer mixtures showed evidence of the
presence of hydrogen bonding in the PAMPs/PAAc mixture solution specially in the pH
range that promote the inter- and/or intrapolymer hydrogen bonding in this system (the
pH below the pKa of PAAc). The results suggested a weak possibility of the presence of
hydrogen bonding in the PAMPs/PAAm mixture solution even at the pH below the pKa
of PAMPs and possibility of the presence of hydrogen bonding in the
PAMPs/PDMAAm mixture solution just at low pH.
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Further results for the tearing test on the DN hydrogels with the same degree of swelling
for the gels in different pH media revealed that the degree of swelling and the polymer
interaction were the two important factors that influence the mechanical properties of
the DN hydrogels. But the presence or absence of inter- and/or intrapolymer hydrogen
bonding interaction plays a more important role in the mechanical enhancement of the
DN gels than the degree of swelling. Even though, in the systems that inter- and/or
intrapolymer hydrogen bonding interaction was existed, the mechanical properties
decreased when the degree of swelling was increased. But, in the same degree of
swelling in different pH media for the gels with hydrogen bonding present in their
structure showed the same fracture energy. When the hydrogen bonding interaction was
omitted the gels showed quite low fracture energy close to their fracture energy with the
different degree of swelling.
DN hydrogels appear to contain both physical and chemical gelation. While, the
chemical cross-linking interaction is irreversible, the physical interaction such as
hydrogen bonding is reversible for example by varying the pH of the media. The
mechanical test results suggested that any kind of hydrogen bonding interaction, interor intrapolymer, within the DN hydrogel structure, contributes to the mechanical
properties of DN hydrogels. It is possible that the intrapolymer hydrogen bonding
within the second network contributes to the toughness of DN hydrogel in two ways;
Firstly, at high strain near the crack tip breaking the hydrogen bonds in the second
network (intrapolymer hydrogen bonding) contributes to the dissipation of the energy
around the crack tip and secondly, the hydrogen bonding in the damage zone around the
crack tip [68] can transfer the load from the tight network (first network) to the loose
network (second network). Both of these effects can contribute to the dissipation of the
energy during the crack propagation, create a resistance against the crack propagation in
the DN gel structure and delay the failure of DN gel under the applied load.
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CHAPTER FIVE
5 EFFECT OF THE SECOND NETWORK
CONCENTRATION ON THE PROPERTIES OF DN
HYDROGELS

5. 1 Introduction
The effect of urea and pH on the mechanical properties of two groups of DN hydrogels
was studied extensively in the previous two chapters. The mechanical and
characterisation tests results suggested a positive effect of the presence of inter- and/or
intrapolymer hydrogen bonding complexation on the mechanical properties of the DN
hydrogels.
The main aim in this chapter is to evaluate the proposed effect of the hydrogen bonding
on the mechanical properties of DN hydrogels. In the previous two chapters the first
group of DN hydrogels with PAAc as a tight network and the PAAm or PDMAAm as a
second network with the low cross-linking was used as a reference as there is strong
evidence for the presence of hydrogen bonding interaction in their structures. Most of
the studies on the solutions or gels that formed from polyacids and polybases showed
that the strongest interpolymer hydrogen bonding between polyacid and polybase
occurred when the acid to base molar ratio between these two polymers was close to 1:1
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ratio [1-3]. Based on the above understanding, it can be expected that if the ratio
between the first and the second networks in the PAAc:PAAm and PAAc:PDMAAm is
getting close to the 1:1 ratio then the mechanical properties should be increased. It was
also

expected

that

the

mechanical

properties

significantly change

in

the

PAAc:PDMAAm DN hydrogels as the interpolymer hydrogen bonding interaction
between PAAc and PDMAAm is stronger than PAAc and PAAm [4]. A new set of
PAAc:PAAm and PAAc:PDMAAm DN hydrogels with the molar ratio of the second
network to the first one decreased to 1 to 10 was prepared. The swelling measurement
and mechanical tests were employed to examine the proposed hypothesis about the
effect of interpolymer hydrogen bonding on the mechanical properties of gels.
The results indicate that the interpolymer hydrogen bonding in the PAAc:PAAm and
PAAc:PDMAAm DN hydrogels is the primary reason to enhance the mechanical
properties of these gels. The PAAc:PDMAAm DN hydrogel showed a stronger and
tougher network than the PAAc:PAAm DN hydrogel when the molar ratio of the second
network to the first one was decreased 1 to 10 in comparison to the molar ratio of
1 to 20 used before (see the results in chapter 4). The yielding phenomenon was
observed in the PAAc:PDMAAm DN hydrogel.

5. 2 Experimental section
The monomers, Acrylic acid (AAc) (99 % purity), Acrylamide (AAm) (99 % purity,
electrophoresis grade), N, N – Dimethylacrylamide (DMAAm) (99 % purity) and crosslinker, N, N’ –Methylenebisacrylamide (MBAAm) (99 % purity) were used as received.
Ammonium persulfate (APS) (98 % purity), as a chemical initiator and α-ketoglutaric
acid (99 % purity, Fluka), as a UV-initiator were used without further purification. All
chemicals were supplied from Aldrich® Chemical Co., Inc (NSW, Australia).
Hydrochloric acid (HCl) (ACS reagent) and Sodium hydroxide (NaOH) (97 % purity)
was used for preparation of swelling liquids. Deionized water (MilliPore Elix 3,
10-15 MΩ) was used for the preparation of the aqueous solutions.
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5.2.1 DN hydrogels preparation
The DN hydrogels were prepared with the PAAc as a first tight network with AAm or
DMAAm monomers as the main monomers for the second network. The DN hydrogels
were prepared as explained in details in the chapter 3. The only difference was the
concentration of the second monomers in the aqueous solutions of the second network.
The concentration of AAm and DMAAm in aqueous solution of monomer for the
second network was 1 M monomer which was half of the concentration of the previous
used aqueous monomer solution.

5. 3 Characterization

The characterization tests and the methods were same as the chapter 3. The main
difference was that the variable factor in this chapter was pH, rather than urea
concentration. The desired pH for the different swelling liquids were obtained by
appropriate dilution for the aqueous solution of 1 M HCl, for the acidic swelling liquids,
and 1 M NaOH, for the basic swelling liquids, rather than using buffer solutions.
All the mechanical test results were calculated same as the chapter 3, except the
secondary modulus (E2) which is the tensile modulus of the hydrogels for 80-100 %
strain. This strain was still in the elastic regime of the loading curve of DN hydrogels in
this chapter.
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5. 4 Results and discussion

5.4.1 Swelling studies
The degree of swelling and mechanical strength of the PAAc:PAAm and
PAAc:PDMAAm DN hydrogels was studied as a function of the pH. In order to
investigate the effect of pH on the degree of swelling and mechanical properties of the
DN hydrogels, the pH range of 2 to 10 was chosen. The samples were swollen in the
swelling liquids with desired pHs for 10-12 days which were obtained by appropriate
dilution of 1 M NaOH or HCl aqueous solution.
The degree of swelling in the different pHs showed almost the same results as were
presented in the chapter 4 (Figure 5.1). The degree of swelling increased as the pH was
increased. A lower equilibrium swelling was obtained at pHs below the pKa of PAAc
(4.7) when the interpolymer hydrogen bonding was present [1, 5-7]. As the pH of media
was increased above the pKa of PAAc all the carboxylic groups on the PAAc chains
were ionized and the hydrogen bonding interaction was dissociated. The
PAAc:PDMAAm DN hydrogel showed a higher degree of swelling than the
PAAc:PAAm DN hydrogel. This can be because, in the PAAc:PDMAAm DN hydrogel,
the only interaction between polymer chains is interpolymer hydrogen bonding between
PAAc and PDMAAm. In this DN gel, when the interpolymer hydrogen bonding was
removed by increasing the pH the gel will swell more than the PAAc:PAAm gel which
can have intrapolymer hydrogen bonding in the PAAm network as well as interpolymer
hydrogen bonding [8-10]. The intrapolymer hydrogen bonding in the PAAm network is
via the amide groups (-CONH2) which are not sensitive to pH changes.
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Figure 5.1 Effect of pH on the degree of swelling of the PAAc:PAAm and PAAc:PDMAAm at 25
ºC.

5.4.2 Mechanical property studies
Figure 5.2 shows the stress-at-break (σbreak), strain-at-break (εbrea) and tensile moduli of
the PAAc:PAAm DN hydrogel. The PAAc:PAAm DN hydrogel exhibited a high
stress-at-break (σbreak) at pHs below the pKa of PAAc and a continuous decrease as the
pH was increased to 10. The similar phenomenon was seen for strain-at-break (εbreak).
Figure 5.3 indicates the effects of pH on the tensile moduli of the PAAc:PAAm DN
hydrogel. The initial modulus (E1) did not show a significant change as the pH was
increased from 1 to 10, whereas, the secondary modulus (E2) showed a continuous
increase as the pH was increased.
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Figure 5.2 pH dependence of stress-at-break (σbreak) and strain-at-break (εbreak) for the
PAAc:PAAm DN hydrogel.
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Figure 5.3 pH dependence of tensile moduli for the PAAc:PAAm DN hydrogel.
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The stress-at-break (σbreak) for the PAAc:PDMAAm DN hydrogel showed the same
tensile strength at pH=2 and pH=3 and a continuous decrease as the pH was increased to
pH=10. After pH=6 the tensile strength did not change significantly as the pH was
increased to 10. The strain-at-break (εbreak) for the PAAc:PDMAAm DN gel decreased
approximately by half when the pH was increased from pH=2 to pH=10 (Figure 5.4).
The tensile moduli showed almost the same initial modulus (E1) for the entire pH range
while the secondary modulus (E2) exhibited a continuous decrease as the pH was
increased from 2 to 10 (Figure 5.5).
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Figure 5.4 pH dependence of stress-at-break (σbreak) and strain-at-break (εbreak) for the
PAAc:PDMAAm DN hydrogel.
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Figure 5.5 pH dependence of tensile moduli for the PAAc:PDMAAm DN hydrogel.

The both DN hydrogels revealed a strong relation between the pH and the tensile
strength. The PAAc as a first network can perform interpolymer complexation via
hydrogen bonding when its carboxylic groups are in the protonated form [11, 12]. When
the pH of the media is below the pKa of the PAAc (4.7) all the carboxylic groups are in
the protonated state and they can form interpolymer hydrogen bonding with the proton
acceptor groups on the PAAm and PDMAAm chains. The stress-at-break (σbreak) and
strain-at-break (εbreak) for both DN hydrogels remained almost constant at pH=2 and
pH=3 when the interpolymer hydrogen bonding was not changed in this regime. As the
pH was increased and became close to the pKa of PAAc (pH=4) a significant decrease
was observed presumably as a result of decreasing the interpolymer hydrogen bonding.
Iliopoulos and Audebert [13] explained that even the presence of low contents of
carboxylate sites (less than 10-15 %) in PAAc chains is sufficient to destroy
complexation between the PAAc and polybase. The loss of interpolymer hydrogen
bonding above the pKa of the PAAc led to the failure of the both DN hydrogels at lower
stress and strain.
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The initial modulus (E1) did not show significant change when the pH was increased
from 2 to 10 for both DN hydrogels but the secondary modulus (E2) showed different
trends for PAAc:PAAm and PAAc:PDMAAm DN hydrogels.
In both DN hydrogels E2 showed a bigger value than the E1, as was expected. The E1 is
related to the low strain value (1-10 %) at which the chains are far from the maximum
strain and hence they show a lower modulus in comparison with the E2 which is related
to higher strain (80-100 % in these DN hydrogels). Most of the polymer chains in the
higher strain reach their maximum stretching capacity so they show a high modulus.
The ionization degree of PAAc increased as the pH was increased from 2 to 10. Hence,
the interpolymer polymer hydrogen bonding and the cross-link density in the gel
network decreased.
One might expect to observe a continuous decrease for E2 which is more sensitive to the
number of short chains in the gel network. But this effect was just observed in the
PAAc:PDMAAm DN hydrogel while the PAAc:PAAm DN hydrogel showed an
opposite trend of an increase in E2 as the pH was increased. The only difference
between the PAAm and PDMAAm chains is the ability of the PAAm to form
intrapolymer hydrogen bonding between the amide groups on the polymer chains [810].
The increase in E2 for the PAAc:PAAm DN hydrogel was observed when the
concentration of the monomer of the second network in the DN gel was decreased to
half (Figure 5.3). The PAAc:PAAm DN gels which was prepared with the more
concentrated AAm solution showed a continuous decrease for E2 as it was expected
(Figure 4.7). This difference was observed while the equilibrium swelling was quite
similar in the different pH media in both systems with higher and lower concentration
of the second network monomer, except for the pH=10 (see chapter 4 for more details).
The main reason for the variation in the E2 at different pHs was not clearly understood.
In general, it can be said the above results suggested that the E2 can be related to the
second network and its molar ratio to the first network and possibly the chemical nature
of polymer in the second network plays a role in the hardening mechanism of the DN
hydrogel at high strain.
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The fracture energy (Gc) for the both DN hydrogels showed a continued decrease as the
pH was increased (Figure 5.6). This decrease was expected as the interpolymer
interaction via hydrogen bonding was decreased and, at pHs above the pKa of PAAc,
eventually made no contribution to the mechanical properties of DN hydrogels.
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Figure 5.6 pH dependence of fracture energy (Gc) for the PAAc:PAAm and PAAc:PDMAAm DN
hydrogels.

The results for the PAAc:PAAm DN hydrogels in this chapter were almost the same, or
in some cases (εbreak and Gc) showed a small increase over the results from similar DN
hydrogels which were prepared with double the concentration of monomer in the
second network (see the mechanical test results for the first group of DN hydrogels in
chapter 4). On the other hand, the results here for the PAAc:PDMAAm DN hydrogel
showed a much stronger and tougher DN hydrogel than the one presented in chapter 4.
The σbreak and Young‟s modulus showed almost a two and a half times increase while
the fracture energy (Gc) showed between three to five times increase in toughness.
These results are in contrast with the current assumed requirements for preparation of
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DN hydrogels with the enhanced mechanical properties. Gong and co-workers
illustrated that the strength of DN gels increase when the ratio of the second network to
the first one was increased [14]. The PAAc:PAAm and particularly the
PAAc:PDMAAm DN hydrogels showed an opposite effect.
Also, the PAAc:PDMAAm DN hydrogel was exhibited a higher strength
(σbreak ~ 0.5 MPa) and stiffness (elastic modulus of 0.04-0.05 MPa) than the
PAAc:PAAm DN hydrogel (σbreak ~ 0.3 MPa and elastic modulus of ~ 0.02 MPa) when
the ratio of the second network to the first one was decreased. The results for the similar
DN hydrogel with the double monomer concentration of second network (~ 1:20 mole
ratio of the first to the second network) showed an opposite results for all the tensile
tests. The results in previous chapter with the 1:20 mole ratio between the first and
second network showed lower tensile test results for the PAAc:PDMAAm than the
PAAc:PAAm DN gel. (see the mechanical test results for the first group of DN
hydrogels in chapter 4). But, the fracture energy (tearing test results) still showed a
lower value for the PAAc:PDMAAm gel than the PAAc:PAAm gel. These results for
fracture energy can be related to the difference between the chemical structure of the
PAAm and PDMAAm chains. As asserted in chapter 4, the PAAm chains have a
capability to form intrapolymer hydrogen bonding via the amide groups on their
polymer chains.

5.4.3 A necking phenomenon
A yielding phenomenon was observed in the PAAc:PDMAAm DN hydrogel that was
soaked till equilibrium in water or in swelling liquids with pH=2 to 4. During the tensile
test of any sample which was swollen in a liquid with the pH below the pKa of PAAc or
in the water, a narrowing zone (“neck”) appeared in the sample and extended with the
further stretching, as shown in Figure 5.7. At an early stage of the elongation, the stress
monotonically increased with the extension; at this stage the sample was uniformly
elongated. When the stress reached a specific value, the necked regions appeared around
the upper and lower clamps (pictures a-b). With further elongation, the necked region
extended and consumed the un-necked region located in the middle of the sample, while
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the elongation stress hardly increased (pictures c-d). After the un-necked region
disappeared, the sample stretched uniformly again and the elongation stress increased
with extension till reaching the stress-at-break (σbreak) (picture e). In some samples, the
necking appeared in the middle of the sample and extended towards the clamps (Figure
5.8).

a

b

c

d

e

Figure 5.7 Images of the PAAc:PDMAAm DN gel demonstrating the necking process under
uniaxial elongation at an elongation velocity of 10 mm/min with two narrowing zones.
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Figure 5.8 Images of the PAAc:PDMAAm DN gel demonstrating the necking process under
uniaxial elongation at an elongation velocity of 10 mm/min with one narrowing zone in the middle
of specimen.

The typical loading curve of the PAAc:PDMAAm DN hydrogel during the tensile test
was plotted in Figure 5.9. The different stages in elongation and the stress pattern can be
observed as explained. The necking phenomenon did not occur when the pH was
increased above the pKa of the PAAc.
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Figure 5.9 Loading curve of the PAAc:PDMAAm DN hydrogel (1:10 mol ratio) under uniaxial
elongation at an elongation velocity of 10 mm/min for DN gel was swollen in a pH=2 liquid solution.

Based on above results it can be concluded that the necking phenomenon can be
produced by interpolymer hydrogen bonding between the first and second networks in
the DN hydrogel.

5. 5 Conclusion
The mechanical tests and the different characterisation tests on the DN hydrogels and
their related mixed polymer solutions in the previous two chapters suggested a positive
effect of the interpolymer hydrogen bonding on the mechanical properties of DN
hydrogels. To evaluate the above understanding, the DN hydrogels with existing
interpolymer interaction via hydrogen bonding in their structure were modified in a
manner to give stronger and more effective interpolymer hydrogen bonding.
The mechanical test results on the PAAc:PAAm and PAAc:PDMAAm gels with
modified molar ratio between the first and second network showed a stronger and
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tougher material especially for the PAAc:PDMAAm DN gel. Interpolymer hydrogen
bonding has been shown to increase when the molar ratio of polyacid and polybase
become closer to the each other [1-3]. A similar phenomenon was observed in the DN
hydrogels with the existing interpolymer hydrogen bonding in their structure. By
modifying the ratio between the first network and the second one in the DN hydrogel
with strong interpolymer hydrogen bonding the PAAc:PDMAAm DN gel showed more
than a double increase in the σbreak and Young‟s modulus. It also showed around a five
times increase in fracture energy (Gc) at the low pH when the interpolymer hydrogen
bonding was fully presence.
The mechanical tests results in the modified PAAc:PAAm and PAAc:PDMAAm DN
gels revealed that by increasing the possibility of the formation of intrapolymer
hydrogen bonding in the DN hydrogel the mechanical properties of DN hydrogel was
increased significantly. This effect was strongly observed in the PAAc:PDMAAm DN
gel as the hydrogen bonding between the PAAc and PDMAAm is much stronger than
the PAAc and PAAm chains. The strength of interpolymer interaction between two
networks considerably affected the tensile strength of the DN gel. However the
toughness (Gc) of the DN gel was more related to the number of the hydrogen bonds,
either inter- and/or intrapolymer hydrogen bonds, present, in the DN gel structure rather
than the strength of interpolymer hydrogen bonding. A yielding phenomenon was
observed in the PAAc:PDMAAm DN hydrogel at the pHs below the pKa of PAAc when
the strong interpolymer hydrogen bonding was present.
The proposed reason for the fracture strength of the DN gel is as follows; as the crack
propagates in the DN gel the first network with the tight covalent bond network is
fractured at a relatively low stress, while the second network held the structure together
and sustained stress at large extension [15]. The results in this chapter showed that the
intrapolymer hydrogen bonding within the second loose network contributed to the
dissipation of energy around the crack tip as well as the interpolymer hydrogen
bonding.
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CHAPTER SIX
6 PREPARATION OF DN GELS USING THE
THIOL-ENE POLYMERIZATION TECHNIQUE

6. 1 Introduction
Free radical polymerization is one of the most common approaches for the preparation
of interpenetrating polymer networks (IPNs) [1-5]. The double network (DN) hydrogel,
as a unique type of novel IPN hydrogel which first described by Gong, Osada and
co-workers [6-8] and also developed by other researchers [9-11] has been mainly
prepared by free radical polymerization. DN hydrogels attracted the attention of
researchers because they exhibit high mechanical strength together with a high
resistance to wear and a high fracture strength, up to 17 times that of their component
networks [6]. They are promising for tissue replacement, particularly for load-bearing
structures [6]. Although traditional free radical polymerization is a well known
polymerization technique, it is highly sensitivity to the presence of oxygen and lack of
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control over the polymerization procedure and final polymer structure, are some of its
disadvantages for DN hydrogels which make commercial application less likely. Click
chemistry, as introduced by Kolb et. al. [12], must be modular, wide in scope, gives
very high yields, generates only inoffensive byproducts, and can be stereospecific. Kolb
and co-workers explained that the reactions should be simple to run with readily
available starting materials and reagents, be able to be accomplished in the presence or
absence of solvent and, ideally, should be insensitive to oxygen and water. From these
foundations a wide range of reactions can be called “click” reactions, but the research
and applications have focused mainly on the use of Cu(I) catalysts which mediated
alkyne-azide reaction. The great utility of click chemistry has encouraged researchers to
investigate the potential of other reactions that have the “click” characteristics.
Thiol-ene attracted researchers as a synthesis approach due to its “click” characteristic.
The

thiol-ene

reaction

can

proceed

under

different

pathways,

radical

(photo)polymerization [13], catalytic process or base/nucleophilic-mediated addition or
thiol-Michael addition [14, 15] or supermolecular catalysis using β-cyclodextrin [14].
Thiol-ene systems are industrially important due to their rapid radical polymerization
and their relative insensitivity to atmospheric oxygen [13, 15, 16]. In comparison with
other controlled radical polymerizations, thiol-ene chemistry uses simple and readily
available monomers, and typically had low susceptibility to oxygen, less shrinkage and
more uniform cross-link density. It is also possible to add variety of the thiol and ene
monomers in order to tune many of the properties of the final product, such as
mechanical strength, degradation rate, functionality, hydrophilicity, etc. The thiol-ene
interaction is also important in the generation of radicals in the absence or low level of
photoinitiator. In the absence of initiator, the reaction of thiol-ene polymerization still
proceeds readily during UV photo-irradiation of the mixture and also in the dark [15].
A number of researchers have investigated thiol-ene photo-polymerization networks and
their mechanical properties [13, 17-21]. However, most of the research on mechanical
properties of the thiol-ene networks has been done on bulk systems without the presence
of solvent.
In the present work, the thiol-ene interaction was studied as a possible synthesis
approach for the preparation of DN hydrogels in the presence of solvent. Different
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monomer and thiol functionalities were investigated at various concentrations as a
second network of a DN hydrogel. In this chapter the word “thiol-ene” will be used to
denote the addition of a thiol to an ene bond regardless of reaction mechanism through
out the results and discussion parts. However, the specific reaction mechanism will be
indicated just in the experimental section. In this study the thiol-ene reaction was
perform via the radical photo-polymerization process. Generally, the radical thiol-ene
reaction has been often induced photo-chemically [13, 17, 22, 23] even though some
attempts of thermo-initiation of the reaction has been made [24]. The radical thiol-ene
reaction proceeds via a typical chain process with initiation, propagation and
termination steps (Scheme 6.1).

I + hν

Initiation

I* + RSH

Propagation

RS● + R'CH═CH2
R'C●H─CH2─SR + RSH

R'C●H─CH2─SR + R'CH═CH2

(Kps-c)
(Kpc=c)
(KCT)

I*

(Step 1)

RS●

(Step 2)

R'C●H─CH2─SR

(Step 3)

R'CH2─CH2─SR + RS● (Step 4)
R'CH─CH2─SR

(Step 5)

R'C●H─CH

Termination

2RS●
2R'C●H─CH2─SR
RS● + R'C●H─CH2─SR

RSSR

(Step 6)

R'CH─CH2─SR

(Step 7)

R'CH─CH2─SR

(Step 8)

R'CH─CH2─SR

(Step 9)

RS
Scheme 6.1 General thiol-ene polymerization process.

Bowman et. al. [25-27] reported kinetic studies of the photo-polymerization of
polyfunctional thiols and difunctional enes. They showed that these systems are more a
step growth than chain growth polymerization. However, in some cases the step growth
and chain growth reactions are happening in the propagation step (step 5). The thiol-ene
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step growth mechanism involved the addition of a vinyl functional group, followed by
radical transfer from the carbon-centered radical to a thiol functional group (step 3 and
4). The ene monomers in the current study were chosen to represent the both groups of
monomers those which did not undergo significant homopolymerization (vinyl group),
and those which undergo homopolymerization as well as step growth polymerization
(acrylate group).
The results indicated that the formation of thiol-ene networks in the presence of the
solvent was strongly dependent on the nature and concentration of the solvent.
Successful formation of a thiol-ene networks as second networks of DN gels, in the
presence of polyacrylic acid (PAAc) or poly(1-Vinyl-2-pyrrolidinone) (PNVP), was
achieved in the present of the oxygen. The mechanical properties and mass loss profile
of the DN gels, formed via the thiol-ene reaction, were dependent on the ene monomers
and the reaction path as well as the stoichiometric ratio of thiol to ene functional groups.
All the DN gels with thiol-ene networks were weaker than DN gels made by free radical
polymerization.

6. 2 Experimental section

6.2.1 Materials
The monomers, 2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPs) (99 % purity),
Acrylic acid (AAc) (99 % purity), Acrylamide (AAm) (99 % purity, electrophoresis
grade), 1-Vinyl-2-pyrrolidinone (NVP) (≥ 99 purity, inhibited with 0.01 % sodium
hydroxide), N,N–Dimethylacrylamide (DMAAm) (99 % purity) and cross-linker,
N,N’–Methylenebisacrylamide

(MBAAm)

(99

%

purity)

and

Poly(ethylene

glycol)diacrylate (Mn=258) (PEGDA-258) were used for the preparation of the first
networks in the aqueous solution. All the chemicals were used as received except the
NVP and AAc monomers which were purified through a column of activated basic
alumina (Across, 50-20 μm) in order to remove the inhibitors and impurities. Potassium
persulfate (KPS) (99.99 % purity) and Ammonium persulfate (APS) (98 % purity),
229

Chapter 6 – Preparation of DN gels using the thiol-ene polymerization technique

as chemical initiators and 2-hydroxy-2-methyl-propiophenone (97 % purity) as a
UV-initiator were used without further purification for the networks were prepared in
aqueous solution. The following diene and thiol monomers of varying functionalities
were used for preparation of thiol-ene networks as received (Figure 6.1):
2,2´-(ethylenedioxy)dietharethiol, (dithiol or 2T), trimethylopropane tris(3-mercaptopropionate) (trithiol or 3T). The ene monomers were 1-poly(ethylene glycol)diacrylate
(Mn=700) (PEGDA-700) and Tri(ethylene glycol divinyl ether (TEGDVE) (98 %
purity). 2-Hydroxy-4´-(2-hydroxyethoxy)-2-methylpropiophenone (DMPA) (98 %
purity) was used as a photoinitiator. All the chemicals were supplied form Aldrich®
Chemical Co., Inc (NSW, Australia). Deionized water (MilliPore Elix 3, 10-15 MΩ),
Ethanol (EtOH) (96 % purity, Ajax), Methanol, (MeOH) (99.8 % purity, ACS, Aldrich),
Dimethyl sulfoxide (DMSO) (≥ 99.9 % purity, for molecular biology, Aldrich), N,N´dimethylformamide, (DMF) (99.9 % purity, HPLC grade, Aldrich), Tetrahydrofuran
(THF) (99.9 % purity, anhydrous inhibitor free, Aldrich) and Butanone (MEK) (Merck)
were used as solvents.

HS

O
O

SH

O

O

O

SH

HS

O

O

O

Dithiol (2T)

SH

Trithiol (3T)
O
O

O

n

O

O

O

O

O

PEGDA-700

TEGDVE

Figure 6.1 Thiol and ene monomers used to make the thiol-vinyl ether and thiol-acrylate networks.
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6.2.2 Sample preparation
The thiol-ene single networks were made from monomer solutions containing the
ene, multifunctional thiols and photoinitiator. The chosen ene (acrylate or vinyl ether
monomers) was mixed with 2T and 3T at a 1:1 or 1:4 stoichiometric ratio of thiol to ene
functional groups while a ratio between the 2T and 3T was kept 95 to 5 mol ratio for all
the thiol-ene mixtures. Briefly, the appropriate amounts of each reactant were dissolved
in aliquots of the chosen solvent. The amount of solvent was varied to give the desired
total concentration (wt%) upon mixing. All the thiol-ene mixtures contained 0.2 wt%
with respect to the thiol monomers of DMPA as a photoinitiator. The solution was
mixed energetically with a magnetic stirrer for 30-40 minutes in a disposable glass vial
which wrapped with the aluminium foil to avoid undesired polymerization by the light.
The solution was pipetted into glass molds separated by rubber spacer with 1.5-2 mm
thickness. The sample was exposed to a 365 nm light for 3 hours.
The DN gels were synthesised by the sequential network formation technique
(two–step method) [6]. The first polymer networks for DN gels were prepared by
chemical or photo free radical polymerization from a range of monomers. The specific
amount of monomer and cross-linker which were used for each network are given in the
experimental date as P-x-y, where P, x, y are the abbreviated polymer name, molar
concentration of monomer in the feed, the cross-linker concentration (in mol% with
respect to the monomer), respectively. In general, an aqueous solution of desired
amount of monomer and cross-linker were purged for 30 minutes with high purity
nitrogen gas to remove the oxygen prior to the addition of the 0.1 mol% chemical or
photo initiator (with respect to the monomer concentration). Each monomer solution
was inserted in a glass mold separated by rubber spacer of 1-1.5 mm thickness. The
thermo-polymerization was carried out in an oven at 60 ºC for 12 hours and the photopolymerization was carried out under a UV lamp with a 365 nm wavelength for 12
hours under the nitrogen blanket in a glove box. The following cross-linkers and
initiators were used for each monomer: the MBAAm was used as a cross-linker for
AMPs, AAc, AAm and DMAAm monomers. The KPS was used as a chemical initiator
for all of the above monomers except for the AAc which APS was used. The
PEGDA-258 was used as a cross-linker for NVP with the 2-hydroxy-2-methyl
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propiophenone as a UV-initiator. In the second step, the first network was removed
from the molds and was dried in an oven for 12 hours at 40 ºC followed by 24 hours
drying in a vacuum oven at 40 ºC. The dried network was immersed into the thiols and
ene solution with 20 wt% ene monomer and 0.2 wt% UV-initiator (with respect to the
thiols concentration) in DMSO for all the mixtures. After 24-30 hours of swelling the
first network in the solution of second network, the swollen gel was removed from the
monomer solution and was placed between two glass plates with 1 mm thickness which
were separated by a rubber spacer. The second polymerization was carried out in the
presence of the first network for 3 hours under UV irradiation at 350 nm and a light
intensity of 9.2 W/cm2, while using a cooling fan to avoid possible increase in
temperature during the polymerization. Care was taken to keep all the samples in the
dark during the soaking time and transferring under the UV lamps.

6. 3 Methods

6.3.1 Study of the effects of solvent type and monomer
concentration
All the samples for the study of the effects of different solvents and concentrations were
prepared with 2.5 ml solvents in clear glass vials onto which the plastic cap could be
securely screwed. Polymerization was initiated by irradiating the wall of the vial with a
350 nm UV lamp at a light intensity of 9.2 W/cm2 for two hours to ensure the
completion of the polymerization. The formation of a gel network was tested by tilting
the glass vial. If the contents of the glass vial did not flow when the vial was held upside
down, it was decided that the solution was gelled. Phase separation was determined by
visual observation.
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6.3.2 Study of the mechanical properties of the gels
6.3.2.1 Compression test
The Young‟s modulus for single and DN gels was determined by compressive
stress-strain measurements, which were performed in triplicate immediately after gel
polymerization without further swelling using a dynamic mechanical analyser (DMA)
(TA Instruments Q800). A cylindrical disk sample, 20 mm in diameter and 1-1.5 mm
thick, was punched from each single or DN gel sample and placed between two thin
layers of polyethylene sheets to avoid the sticking of the samples to the lower and upper
compression plates and hence to minimise the errors in the final results. The
compressive moduli were determined from the stress-strain curves generated when the
disks were compressed by the upper plate at a constant ramp strain of 0.5 %/min until
65 % strain. A small preload of 0.005 N was applied at the beginning of all the
measurements. The displacement caused by the applied preload was calculated by
extrapolating the stress-strain curve to zero stress and it was found to be small in
comparison with the thickness of sample (< 0.4 %). Hence, all the calculations were
based on the assumption of the zero strain at the applied preload.
6.3.2.2 Tensile test
The stress-at-break (σbreak) was determined by tensile stress-strain measurements, using
a uniaxial tensile test. The triplicate gel samples were cut immediately after
polymerization of single or DN gels, without further swelling into the rectangular shape
specimens. The rectangular samples (gauge length 20-25 mm, width 5 mm, and
thickness 1.5-2 mm) were stretched at a crosshead speed of 10 mm/min for all the
samples using the 10 N load cell. The stress-at-break (σbreak) represented the maximum
stress before the gel fracture.

233

Chapter 6 – Preparation of DN gels using the thiol-ene polymerization technique

6.3.3 Study of the mass loss profile
Triplicate samples from the cured DN gels were cut into small pieces (approximately
3×3×1 mm) and the mass loss profile for each DN gel was calculated as an average
mass loss by gravimetric measurement. The mass loss was carried out at room
temperature (25 ºC) in at least 20 times excess volume of DMSO as the solvent. The
weight of each sample at equilibrium swelling was determined after 24 hours. Triplicate
samples were then dried via lyophilisation for 24 hours and the ratio of swollen gel
mass to dried gel mass was used to calculate the mass swelling ratio (qm) for each
sample. After that the gels were again swollen in at least 20 times excess volume
DMSO for 30 days. In the different time points, the swollen gels were then removed
from the solvent, patted dry with filter paper to remove excess solvent on the sample
surface, and the weight recorded. Knowing the swollen mass of each sample and its
qm value, assumed constant for each individual sample, the sol loss for each sample was
calculated. The average mass loss for three samples multiplied by 100 and reported as a
mass loss percentage in the different time points.

6. 4 Results and discussion
Thiol-ene polymers were selected to investigate systematically as a possible new
approach to the preparation of the second network of double network (DN) hydrogels.
The ene monomers were chosen so that they cover the two main forms of available ene
monomer for thiol-ene polymerization, vinyl monomers that do not undergo significant
homopolymerization [15, 25, 26] and acrylate monomers that undergo homopolymerization as well as step growth polymerization [15, 23, 27].
Two main concerns for the preparation the second network of DN hydrogels from
thiol-ene reactions in the presence of first network were studied. Firstly, it was
necessary to find a suitable solvent in which the ene and thiol monomers were soluble
and the reaction was able to proceed. Secondly, it was necessary to determine an
appropriate solvent concentration which allowed the first network to swell in the
solution of second ene and thiol monomers.
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6.4.1 Solvent type and monomer concentration effects
Table 6.1 shows the gelation of thiol-ene monomers in the different solvents. All the
monomers and thiols were completely soluble in all solvents chosen here. The results
revealed that the polymerization reaction did not occur in most of the solutions. In
general, the polymerization reaction did not occur with less than 20 wt% of the
diene-monomers in any of the solutions. PEGDA is able to form a network in more
solvents than TEGDVE.
DMSO was the only solvent which showed successful polymerization and gelation of
thiol-ene in a wide concentration range of the both diene-monomers.

Table 6.1 the thiol-ene reaction in different solvents

Ene

Ene + thiol

monomer

(wt%)

Ethanol

Methanol

DMSO

DMF

THF

MEK

10

-

-

-

-

-

-

20

-

-

+/C

+/C

-

-

30

+/O

+/C

+/C

+/C

-

-

40

+/O

+/C

+/C

+/C

+/C

-

10

-

-

-

-

-

-

20

-

-

+/C

-

-

-

30

+/O

-

+/C

-

-

-

40

+/O

-

+/C

-

-

+/C

PEGDA

TEGDVE

Solvent

Note:
All solutions were prepared from 1:1 ratio of functional groups of thiols to ene monomers with 95:5
mole ratio of dithiol:trithiol (2T:3T) and 0.2 wt% UV-initiator with respect to the thiol monomers.
+ / - : Gelation occurred or did not occur
C: Clear gel
O: Opaque gel
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Thiol-ene polymerization is mostly run in solvent free polymerization conditions
[13, 17, 22, 23]. There are only a small number of studies available that give a clear
understanding of the effects of solvent on the polymerization process and final product.
Recently, Rydholm et. al. [16] studied the effect of solvent concentration on the
formation of the polymer network and its degradation for networks prepared by the
thiol-ene polymerization. They prepared different network structures of cross-linked
thiol-ene photo-polymers from PEG-based diallyl ethers and multifunctional thiol
monomers by variations in solvent concentration, monomer molecular weight, monomer
functionality and the concentration of degradation sites on the thiols monomers. They
explained that ideally, in the thiol-ene polymerization, each tri- or tetrafunctional thiol
acts as a cross-link that connects two elastically active chains (Figure 6.2 (a)). When
two thiol functional groups on the same monomer molecule react with two allyl ether
groups on one PEG diallyl ether monomer, a primary cycle was formed (Figure 6.2 (b)).
Every multifunctional thiol monomer that contains a primary cycle no longer acted as a
cross-linking molecule. Instead, it behaved like a dithiol monomer that reduces the
network‟s cross-linking density. They showed that by increasing the solvent
concentration the primary cyclization was increased. Hence, the networks formed
through step growth reactions had reduced cross-link density with decreasing monomer
concentration.

236

Chapter 6 – Preparation of DN gels using the thiol-ene polymerization technique

Figure 6.2 Schematic illustration the network formation of thiol-ene in (a) ideal networks with
100 % cross-linking efficiencies and (b) non-ideal network with fewer elastically active chains, as a
result of introducing of primary cycles or incomplete reaction.

The results in Table 6.1 show, in general, less than 20 wt% concentration is not a
desirable condition for thiol-ene polymerization and in most cases, if the polymerization
can occur in the chosen solvent, concentration above 30 wt% is a suitable condition for
network formation. A decrease in monomer concentration increases the number of
primary cycles and prevents the network formation. The increase in the number of
primary cycles formed in networks synthesized from monomer solutions with
decreasing monomer concentration is most likely due to a decrease in the bulk
concentration of reactive functional groups. The formation of the primary cycles
depends on the relative ratio of local and bulk reactive group concentrations [28].
Decreasing monomer concentration effectively decreases the bulk concentration of
reactive groups without impacting the local concentration. This situation is a favourable
environment for intramolecular reactions.
237

Chapter 6 – Preparation of DN gels using the thiol-ene polymerization technique

The fact that the thiol-ene polymerization did not occur in most of the solvents that were
chosen can be related to the nature of each solvent. The solvents can all be classified in
one of two groups of (1) polar/dipolar aprotic solvents such as THF, DMF, DMSO and
MEK (2) polar protic solvents such as EtOH and MeOH. The solvents in group (2) are
not good solvents for radical polymerization as they are capable of hydrogen atom
abstraction that leads to deactivation of the radical and termination of the
polymerization. Also, THF has oxygen in its hetrocylic structure which is able to
stabilize and deactivate the radical. The thiol-ene polymerization results for the solvents
in group (2) and THF showed the strong effect of hydrogen atom abstraction in the
solution mixtures with high concentration of solvent, although the TEGDVE did not
polymerized even in the lowest concentration of MeOH and THF solvents (60 wt%). In
DMSO, DMF and MEK, thiol-ene polymerization occurred in a range of solvent
concentrations with width in the order DMSO > DMF > MEK. This is the same order as
for the dielectric constants of these solvents.
Based on the above studies, DMSO was the only solvent able to perform the thiol-ene
polymerization for both diene monomers. Therefore, DMSO was chosen for the rest of
the study of thiol-ene synthesis of the second network in DN gels, to keep the second
step simple with few variable factors.

6.4.2 Thiol-ene network as a second network in a DN gel
6.4.2.1 Choosing the first network
In the double network (DN) gel the second network is required to polymerize in the
presence of the first network.
Prior to the investigations of using the thiol-ene reaction as a possible approach for the
polymerization of the second network in the DN hydrogel, a brief intermediate
feasibility study was conducted on the photo-polymerization of the selected thiol-ene
monomer mixtures in the presence of different polymer networks. The aim of this study
was to find out the appropriate network(s) which was able to swell in the solution of the
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thiol and ene monomers and also within which the thiol-ene polymerization was able to
proceed.
Table 6.2 shows the results of the polymerization of thiol-vinyl ether or thiol-acrylate in
the presence of different first networks. All the second solutions were prepared with 20
wt% ene monomer concentration in the DMSO solution. All the solutions had 1:1
stoichiometric ratio of thiol-vinyl ether or thiol-acrylate functional groups with the 95:5
mol ratio of difunctional to trifunctional thiol monomers (2T:3T) and 0.2 wt% of
UV-initiator with respect to the thiols monomers.

Table 6.2 The polymerization results for thiol-vinyl ether or thiol-acrylate as a second network in
the presence of different first networks.

Swelling of the 1st
First network

NW in the 2nd

*second network

monomers solution

Thiol-ene
polymerization

PAMPs-1-4 or

1

+ (30-40 times)

-

PAMPs-2-4

2

+ (50-55 times)

-

1

+ (7-10 times)

+

2

+ (12-15 times)

+

PAAm-1-4 or

1

-

-

PAAm -2-0.1

2

-

-

PDMAAm-1-4 or

1

-

-

PDMAAm -2-0.1

2

-

-

1

+ (8-10 times)

+

2

+ (8-10 times)

+

PAAc -2-1

PNVP-2-4

+ / - : swelling or polymerization occurred or not. The numbers in the brackets are referring to the
amount of swelling of the first networks in the second monomer solutions.
*Second network: (1) refers to TEGDVE + 2T + 3T + UV-initiator and (2) refers to PEGDVE + 2T
+ 3T + UV-initiator
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The results in Table 6.2 can be considered in three groups. In the first group, the first
network was polyacid i.e. PAMPs or PAAc. In both cases because of full or partial
ionization of the acidic groups on the polymer chains in the solvent there existed
enough osmotic pressure as a driving force for the swelling the first network in the
solution of the second network monomers. But the thiol-ene polymerization did not
proceeding in the strong polyacid network, i.e. PAMPs.
In the second group, the first network was a weak polybase i.e. PAAm and PDMAAm.
In both cases the network was not able to swell in the solution of thiols and
ene monomers even the network had low cross-linking (0.1 mol% cross-linking).
Hence, no further polymerization occurred.
The last group was the neutral network of PNVP as a first network for the DN gel.
PNVP showed a capacity of swelling in the thiol-ene monomers solution. The thiol-ene
polymerization could proceed in the presence of PNVP.
As the PAMPs network swelled more than other networks in the second monomers
solution but the thiol-ene polymerization could not proceed, a further study was
performed on this system in order to gain a better understanding of the possible reason
for the failure of the thiol-ene polymerization. A possible reason could be the low pH of
the PAMPs gel. The solution of AMPs had a pH lower than 2 (as measured with a
pH-meter). To test the effect of pH on thiol-ene polymerization, a solution of thiol-vinyl
ether and thiol-acrylate monomers was prepared separately and the pH of solutions
changed with the help of dilute HCl or NaOH. It was found that the gelation did not
happen below a pH=4.3 and above the pH=9.5. The best range for thiol-ene
polymerization was found to be 5.4 < pH < 7.5. This result is with a good agreement
with the literature [29]. Nui et. al. [29] showed the effect of pH on the formation of a
thiol-acrylate modified polymer. They studied the stability of thiol groups and the
activity of the thiol-ene reaction by measuring the decrease of SH groups in different pH
conditions. They showed that the consumption of SH groups changed little as the pH
was changed from 4 to 7.5. The consumption rate of thiol groups in the mixture of thiol
and acrylate was almost zero when the pH was below 5 and was increased significantly
above the pH=5.5. They confirmed their results with Gel Permeation Chromatography
(GPC) measurement.
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Further tests were done on the PAMPs and thiol-ene systems by trying to change the pH
of the PAMPs first network. The pH of AMPs polymer mixture was changed with the
help of the NaOH before the polymerization into the range of 5 to 8 and, after
polymerization, attempts were made to swell the gels in the second network thiol-ene
monomer mixture. The partial neutralized PAMPs networks were not able to swell in
the solution of second monomers solution.
It can be concluded from the above results that the only two networks which were
suitable as first networks in the DN gel with thiol-ene polymerization for second
network, were PNVP and PAAc.
6.4.2.2 Effect of monomer concentration on the stiffness of the thiol-ene networks
The Young‟s modulus was calculated for the single thiol-ene networks of thiol-vinyl
ether and thiol-acrylate with different monomer concentrations by compression tests.
Figure 6.3 shows the effect of monomer concentration on the Young‟s modulus of
thiol-ene networks.
All the thiol-ene networks showed a higher modulus when the monomer concentration
in the mixture was increased. These results were expected as the increase in monomer
concentration will increase the cross-link density per unit volume and consequently
increase the modulus and stiffness of the polymer network system [26].
The thiol-acrylate system with 1:1 stoichiometric ratio of thiol and acrylate showed a
smaller Young‟s modulus than that of the thiol-acrylate system with 1:4 stoichiometric
ratio of functional groups. The main difference between the thiol-vinyl ether and
thiol-acrylate systems is their polymerization kinetics and the conversation rate between
the thiol and vinyl functional group. Cramer et. al. [22] studied the mechanism and
kinetics of thiol-ene polymerization with multifunctional thiol and different
ene monomers with the help of Fourier transform infrared (FTIR). They calculated that
for the thiol-vinyl ether system, the chain transfer kinetics and the propagation kinetic
are approximately equal (kCT ≈ kps-c), and thus, the polymerization rate is dependent on
both the thiol and ene functional group concentration and the radical polymerization
represent the true step growth polymerization (step 3 and 4 in Scheme 6.1). In the case
of thiol-acrylate system the chain transfer kinetic parameter is much greater than
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propagation kinetic parameter (kCT >> kps-c), implying that the propagation is the ratedetermining step and the polymerization rate depends only on the vinyl functional group
concentration (step 3-5 in Scheme 6.1). For the thiol-acrylate system, the
polymerization kinetics are influence by the ratio of homopolymerization of the vinyl
functional group (propagation kinetics) and step growth polymerization of the vinyl and
thiol functional group (chain transfer kinetics) [21, 23].
Therefore incomplete conversation of the thiol monomer was observed for the
thiol-acrylate system using a 1:1 stoichiometric ratio of thiol and acrylate [15, 23]
1:4 stoichiometric mixture of thiol and acrylate functional groups leads to roughly
equivalent conversion of both functional groups and consequently more effective crosslinking density [15]. The presence of unreacted thiol in a thiol-acrylate network with
1:1 stoichiometric ratio decreases the effective cross-linking density in the system and
decreases the Young‟s modulus [23]. The thiol-vinyl ether system showed small moduli
than the thiol-acrylate system with 1:4 stoichiometric mixture of thiol and acrylate
functional groups as a result of different cross-linking density and the molecular weight
between the cross-linked points [16, 30]. When difunctional thiol and ene monomers
add in the chain growth fashion, it leads to the formation of a highly cross-linked
network, whereas when the addition is in the step growth fashion, it leads to the
formation of a linear polymer. Therefore in the thiol-vinyl ether system with step
growth addition the cross-linking density and modulus was lower than the thiol-acrylate
system [23].
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Figure 6.3 Effect of monomer concentration on the Young’s modulus of 1:1 stoichiometric mixture
of thiol and (■) vinyl ether, (▲) acrylate and 1:4 stoichiometric mixture of thiol and ( ●) acrylate.
Samples irradiated with 365 nm light.

6.4.3 Mechanical properties of DN gels with thiol-ene networks
6.4.3.1 Young’s modulus
In this part PNVP and PAAc were chosen as the first network as they showed
acceptable swelling and polymerization of the second network in their presence. A
number of first networks of PNVP and PAAc were prepared with different cross-linking
all based on the monomer concentration (2 M). The thiol-ene systems, thiol-vinyl ether
and thiol-acrylate, were polymerized as a second network by using a photoinitiator in
the presence of the first polymer network. 20 wt% monomer concentration in DMSO
solution was used for all the thiol-ene mixtures because more concentrated solutions
showed quite small diffusion rates into the first network as a result of the rather high
viscosity of the solutions. The Young‟s modulus for DN gels was calculated from the
strain-stress curves at low strain (2-10 % strain) by using compression tests immediately
after thiol-ene polymerization without further swelling. The degree of swelling of each
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first network in the solution of thiol-ene monomers was calculated and recorded for
each set of DN gels. The first polymer networks of each set of DN gels were then
swollen in DMSO to reach the same degree of swelling as was recorded in the second
thiol-ene monomer solution. The Young‟s modulus was calculated for the swollen
single networks in the DMSO under the same conditions as calculated for DN gels.
Results are given in Tables 6.3 and 6.4. The numbers in the brackets in front of each
first network give the cross-linker amount in the network based on the monomer.

Table 6.3 The compressive Young’s modulus (E) of the different single polymer networks and their
DN gels with thiol-vinyl ether as a second network. A 1:1 stoichiometric ratio of the thiol to ene
functional groups was used.

E (KPa)

E (KPa)

for the DN

for the 1st network

4 mol%

37.2 ± 2.6

19.3 ± 0.3

2.5 mol%

21.4 ± 3.6

4.0 ± 0.1

2.5 mol%

320.2 ± 3.9

Too brittle to be tested

1 mol%

115.6 ± 10.9

32.9 ± 1.4

0.1 mol%

29.9 ± 1.8

8.7 ± 0.6

PAAc

PNVP

First network

Table 6.4 The compressive Young’s modulus (E) of the different single polymer networks and their
DN gels with thiol-acylate as a second network. A 1:1 stoichiometric ratio of the thiol to ene
functional groups was used.

E (KPa)

E (KPa)

for the DN

For the 1st network

4 mol%

75.7 ± 5.1

13.9 ± 1.5

2.5 mol%

103.0 ± 5.0

4.1 ± 0.6

2.5 mol%

186 ± 21.2

Too brittle to be tested

1 mol%

58.3 ± 6.4

19.8 ± 1.2

0.1 mol%

25.9 ± 2.5

10.2 ± 1.6

PAAc

PNVP

First network
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As seen in Tables 6.3 and 6.4, the Young‟s modulus (E) for all DN gels increased in
comparison with E of their related single networks. Also, the E for all DN gels showed
an increase as the cross-linking in the first network was increased.
The single network of thiol-vinyl ether and thiol-acrylate with 1:1 stoichiometric ratio
of the thiol to ene functional groups showed Young‟s moduli of the 83.4 ± 4.1 KPa and
87.6 ± 3.1 KPa respectively. The DN hydrogels with PAAc as a first network, except
the one with 0.1 mol% cross-linker, showed an increase in modulus in comparison with
the single network of thiol-vinyl acrylate. In the case of DN with thiol-acrylate as a
second network, the DN gels with the PNVP 2.5 wt% and PAAc 2.5 wt% cross-linker
as a first network showed an increase in modulus in comparison with the single
thiol-acrylate network.
In these swollen hydrogel materials, the cross-link density and the compressive modulus
are directly related [31, 32], and an increase in compressive modulus corresponds to an
increase in cross-link density at constant swelling. In an interpenetrating polymer
network, the tight network with higher cross-link density controls most of the
stress-strain behaviour of the network till breakage. Also, during the DN preparation
through the two step polymerization procedure, the first network is swollen in the
second monomer solution, so the first network is already quite stretched and has a high
modulus. Increasing either of these two parameters, cross-linking density or swelling
degree of a tight network, will increase the modulus of the DN gel. Here the tight
network was the first network and the thiol-ene network was representing the loose
network. The PAAc with 0.1 mol% cross-linking was the only first network with low
cross-linking.
The increase in the E for the DN gels in comparison with the E of single networks
indicated the formation of second networks in the presence of the first polymer
networks and increase of the mechanical properties of the gels as the first networks had
the same swelling degree as they had in their related DN gels (Table 6.3 and 6.4). As
stated above, the increase in the E of DN gels with first network cross-linking was
expected based on the direct relationship of the cross-linking and the modulus. The
difference between the Young‟s moduli for the first networks in the Table 6.3 and 6.4
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was as a result of the difference in the degree of swelling of the first network in each
group.
The Young‟s moduli (E) for all the DN gels with thiol-vinyl ether as a second network
(Table 6.3) were smaller than those with thiol-acrylate when the PNVP was used as a
first network (Table 6.4). This can be explained by the fact that each of these systems
was polymerized using a 1:1 stoichiometric ratio of thiols and vinyl ether or acrylate
functional groups. The thiol-vinyl ether is a traditional thiol-ene system in that the ene
does not readily homopolymerize via a radical mechanism, and thus, step growth is the
dominate polymerization mechanism [22, 23]. But in the case of the thiol-acrylate, there
are two competing mechanisms. There are chain growth homopolymerization of the
vinylic monomers and chain transfer/propagation between the thiol and vinyl monomers
(step growth polymerization) [22, 32]. So, as both monomers are difunctional, chain
growth leads to the formation of a highly cross-linked network, whereas sequential
chain transfer/propagation or step growth leads to the formation of a linear polymer.
Here, by using a trifunctional thiol in the thiol-ene monomer mixtures, both monomers
(i.e. TEGDVE and PEGDA) formed a network regardless of whether they underwent
step growth or chain growth polymerization. But, a higher cross-linking density can be
expected in the thiol-acrylate that the thiol-vinyl ether based material. The greater E
results for the DN with thiol-acrylate than thiol-vinyl ether were probably as a result of
the presence of more cross-linking in the DN gels. The Young‟s modulus for the DN
gels with the PAAc as a first network and thiol-vinyl ether or thiol-acrylate as a second
network did not show the same results. The reason for the different results in the DN
gels with PNVP and PAAc as a first network in their structure is not clear.
As previously stated, the vinyl group in the thiol-acrylate mixture went through a
homopolymerization as well as a step growth polymerization. The homopolymerization
of vinyl groups led to incomplete conversion of the thiol functional groups when
initially 1:1 stoichiometric mixtures of functional groups were polymerized [22, 23, 27].
Cramer et. al. [15] showed that a 1:4 stoichiometric mixture of thiol to acrylate
functional groups led to roughly equivalent conversion of both functional groups. They
showed that in a 1:4 stoichiometric mixture the thiol and acrylate monomers were
consumed at equal rates during the polymerization. In Table 6.5, the Young‟s modulus
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(E) for thiol-acrylate based DN gels with a 1:4 ratio of thiol to acrylate functional
groups are reported together with the E for their single networks.

Table 6.5 The compressive Young’s modulus (E) of the different single polymer networks and their
DN gels with thiol-vinyl ether as a second network. A 1:4 stoichiometric ratio of the thiol to ene
functional groups was used.

E (KPa)

E (KPa)

for the DN

for the 1st network

4 mol%

125.0 ± 27.7

13.9 ± 1.6

2.5 mol%

167.6 ± 3.8

3.8 ± 0.3

2.5 mol%

267.4 ± 15.2

Too brittle to be tested

1 mol%

174.1 ± 7.4

19.8 ± 12.6

0.1 mol%

117.4 ± 2.7

10.1 ± 1.6

PAAc

PNVP

First network

The results in Table 6.5 show that the Young‟s modulus of different DN gels with 1:4
thiol:acrylate ratio was much bigger than that of the equivalent 1:1 stoichiometric ratio
material. The Young‟s modulus for the single thiol-acrylate network with 1:4
stoichiometric ratio was 380.5 ± 74.2 KPa.
Initially, when a 1:1 stoichiometric amount of the thiol to acrylate ratio was used, a
significant amount of the thiol remains unreacted. Cramer et. al. [23] used real-time
Fourier transform infrared to monitor the conversion of both thiol and ene functional
groups independently during the photo-induced thiol-ene photo-polymerizations. They
showed that, as the ratio of the thiol to acrylate was decreased, the thiol conversion
increased. When a 1:1 stoichiometric ratio of thiol to acrylate was used, the residual
thiols act as a network plasticizer and decreased the Young‟s modulus of the final DN
gel. The DN gels with 1:4 stoichiometric ratio of the thiol to acrylate functional groups
had quite a small amount of unreacted thiols and hence, higher moduli than the DN gels
with 1:1 stoichiometric ratio of thiol to acrylate functional groups.
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6.4.3.2 Stress-at-break
The tensile tests were used to investigate stress-at-break (σbreak) values for the thiol-ene
DN gels. For this part the DN gels that showed a considerable increase in their Young‟s
modulus were chosen for further mechanical tests. PNVP with 2.5 mol%, the PAAc
with 1 mol % and 0.1 mol% cross-linker were chosen as first networks. Thiol-vinyl
ether with the 1:1 stoichiometric ratio and the thiol-acrylate with the 1:4 stoichiometric
ratio were used as second networks.
In Table 6.6 and 6.7, the stress-at-break (σbreak) results for each DN gel with the thiolene system as a second network are reported. For the sake of comparison the tensile test
was done on the single first network of each DN gels that was swollen in DMSO till
reaching the same degree of swelling as it had in the second monomer solution of the
thiols and ene monomers mixture. The σbreak for the first network of each DN gels is
reported in the same table as the σbreak for DN gels are reported. The thiol-vinyl ether
and thiol-acrylate single networks showed the σbreak of 47.1 ± 4.0 KPa and 46.7 ± 2.2
KPa respectively.

Table 6.6 The stress-at-break (σbreak) data comparison for DN gels with various first networks in the
presence of the thiol-vinyl ether with 1:1 stoichiometric ratio of thiols to ene function groups as a
second network and their related first network.

σbreak (KPa)

σbreak (KPa)

for the DN

for the 1st network

2.5 mol%

7.2 ± 1.4

1.4 ± 0.3

1 mol%

22.4 ± 2.8

16.0 ± 2.9

0.1 mol%

20.8 ± 3.2

7.9 ± 0.5

PAAc

PNVP

First network
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Table 6.7 The stress-at-break (σbreak) data comparison for DN gels with various first networks in the
presence of the thiol-acrylate with 1:4 stoichiometric ratio of thiols to ene function groups as a
second network and their related first network.

σbreak (KPa)

σbreak (KPa)

for the DN

for the 1st network

2.5 mol%

50.6 ± 5.7

1.8 ± 0.5

1 mol%

74.1 ± 4.3

Too brittle to be tested

0.1 mol%

56.0 ± 8.0

5.7 ± 0.9

PAAc

PNVP

First network

The results in Table 6.6 and 6.7 show an increase in the σbreak for all the DN gels in
comparison with their first networks. The DN gels showed a higher σbreak than their
second networks when thiol-acrylate was used as a second network. The DN gels with
PAAc with 0.1 mole% cross-linker in their network structure showed a highest σbreak for
both the thiol-ene second networks. The σbreak results indicated that the formation of the
second network through the thiol-ene polymerization was able to increase the strength
of the DN gel. The σbreak increased more when the thiol-acrylate 1:4 stoichiometric ratio
of thiols to ene functional groups was used as a second network. The higher σbreak value
of DN gel with thiol-acrylate is perhaps due to the more heterogeneous structure of
thiol-acrylate network than the thiol-vinyl ether network and chemical structure of
matrix.
Holye et al. [13] studied the difference between the thiol-ene networks produced by
photo-polymerization of thiol and either TEGDVE or difunctional acrylate. They
showed that a film produced by TEGDVE had a glass transition (Tg) below room
temperature and exhibit unusually high storage moduli. These unusual properties come
from highly uniform cross-linked networked which formed by the high conversion of
the thiol-ene systems. In contrast, the thiol-acrylate based photo-cured cross-linked
networks are very heterogeneous in nature and did not show the same properties as
thiol- vinyl ether showed.
In general, the mechanical tests revealed that the second network via thiol-ene
polymerization was formed within the neutral (PNVP) or weak polyacid (PAAc)
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polymer network. Even though the thiol-ene, polymerization to make a second network,
increased the mechanical properties of the gel it was not as effective as free radical
polymerization, which has been used extensively to prepare the DN gels [6, 9]. Two
possible reasons why the DN gel was rather weak network when thiol-ene
polymerization was used for the second polymerization are firstly, that there was not
enough second network in the DN structure, as it is hard to get the viscous solution of
thiol-ene monomer in the first network structure. Secondly, it is possible that just having
a tight and loose network do not give acceptable mechanical properties for DN gels, but
rather the tight network must be stretched with the second network.

6.4.4 Mass loss studies of the DN gels with thiol-ene networks
The mass loss behaviour of the different thiol-ene systems that were presented as a
second network in the DN gels was studied by gravimetric method. The mechanical test
results for the DN gels with the PNVP or PAAc as a first network were different. The
complete formation of the thiol-ene second network in the presence of the first network
can be one of the important issues controlling the mechanical properties of DN gels.
The thiol-ene mass loss method is a useful tool to reveal the completion of the thiol-ene
polymerization in the presence of first network. It is also useful to examine if the
network undergoes degradation, as been reported for some such networks
[16, 27, 33-35].
Figure 6.4 shows the mass loss extent as a function of time for the DN gels with
thiol-vinyl ether as a second network. The DN gels were swollen in DMSO. The DN
gels with the PNVP in the first network showed a bigger mass loss with increasing the
soaking time than the DN gels with PAAc in the first network. A similar profile was
observed for the DN gels with the thiol-acrylate as a second network when the thiolacrylate had a 1:1 stoichiometric ratio of thiol:ene functional groups (Figure 6.5). In
general, the mass loss was slightly bigger for the DN gels with the thiol-vinyl network
than the DN gels with thiol-acrylate network in their structures.
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Figure 6.4 The mass loss profile as a function of time for DN gels with the (■) PNVP (4 mol% crosslinker), (▲) PNVP (2.5 mol% cross-linker), (●) PAAc (2.5 mol% cross-linker), (□) PAAc
(1 mol% cross-linker) and (○) PAAc (0.1 mol% cross-linker) as first networks and the thiol-vinyl
ether as a second network formed from a 20 wt% monomers mixture (1:1 stoichiometric ratio of
thiol:ene functional group) in the DMSO.
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Figure 6.5 The mass loss profile as a function of time for DN gels with the (■) PNVP (4 mol% crosslinker), (▲) PNVP (2.5 mol% cross-linker), (●) PAAc (2.5 mol% cross-linker), (□) PAAc
(1 mol% cross-linker) and (○) PAAc (0.1 mol% cross-linker) as first networks and the thiolacrylate as a second network formed from a 20 wt% monomers mixture (1:1 stoichiometric ratio of
thiol:ene functional group) in the DMSO.

Rydholm et. al. [16, 33] showed that ester functionalities originating from thiol
monomers supply hydrolytically degradable sites in the network and cause the
degradation and mass loss of the thiol-ene network. The ester linkages degraded when
exposed to a basic or acidic environment. Their studies involved degradation of
hydrolytic degradation of cross-linked polymerize biomaterials at biological pH (7.4).
Their work confirmed that in the thiol-acrylate systems, esters with neighbouring
sulphide group readily hydrolyse in the biological pH. The ester hydrolysis rate in their
system, which was three block thiol-acrylate photopolymer, was influenced both by the
number of carbons between sulfide and ester and the network‟s solvent content.
Even though, in the DN gels studied in the this work, the trithiol which was used as a
cross-linker for the thiol-ene networks had ester degradable sites, there was not strong
evidence from the mass loss profile that the DN gels went through a significant
degradation. After 30 days the mass loss of the DN gels with PAAc and PNVP as a first
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network was less than a 0.2 wt% and 1.5 wt%, respectively. Also, the degree of
swelling for the DN gels in this study did not increase significantly during the soaking
time as a result of decrease in the density of the effective cross-links in the polymer
network which go through degradation of cross-linking sites [36]. The almost constant
degree of swelling for the DN gels in this study, indicating that the thiol-ene networks
in the studied DN gels did not go though the hydrolytic degradation of cross-linking
sites.
The other reason which can cause the mass loss for the thiol-ene networks is the
formation of primary cycles and hence inefficient cross-linking in the network [16, 36].
As explained earlier in the mechanical properties section, the solvent concentration had
the potential to impact the extent of primary cyclization during the formation of the
network. Rydholm et. al. [16] showed that, as the solvent concentration was increased
during the formation of the thiol-ene network, the primary cyclization increased. So, in
the thiol-ene networks which the cross-linking process is mainly happening through the
step growth polymerization, the increase in the primary cyclization in the networks can
reduces the cross-linking density and increases the possibility of mass loss of the
network. This can be a possible reason for the higher results of mass loss for the DN
gels with thiol-vinyl ether rather than thiol-acrylate as the former just perform step
growth polymerization and the latter shows chain growth homopolymerization as well
as step growth polymerization.
Figure 6.6 shows the mass loss extent as a function of time for the DN gels with
thiol-acrylate with the 1:4 stoichiometric ratio of thiol to ene functional groups as a
second network that were swollen in DMSO.
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Figure 6.6 The mass loss profile as a function of time for DN gels with the ( ■) PNVP (4 mol%
cross-linker), (▲) PNVP (2.5 mol% cross-linker), (●) PAAc (2.5 mol% cross-linker), (□) PAAc
(1 mol% cross-linker) and (○) PAAc (0.1 mol% cross-linker) as first networks and the thiolacrylate as a second network formed from a 20 wt% monomers mixture (1:4 stoichiometric ratio of
thiol:ene functional group) in the DMSO.

The DN gels with the thiol-acrylate network with the 1 to 4 stoichiometric ratio showed
a significant lower mass loss profile than that of the DN gels with the thiol-acrylate
network with the 1 to 1 stoichiometric ratio. This can be as a result of a formation of the
more effective cross-linked network when the ratio of the thiol to ene functional group
changed to 1 to 4. The vinyl functional groups in the thiol-acrylate systems were
consumed via homopolymerization as well as propagation/chain transfer with thiol
(step growth polymerization). It was showed that a 1:4 stoichiometric mixture of thiol to
acrylate functional groups leads to roughly equivalent convention of the both functional
groups while the 1:1 stoichiometric ratio of thiol to acrylate end up with lots of
unreacted thiols in the network structure [15]. The unreacted monomers can come out
from the network structure during the soaking time.
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As was seen in all the mass loss profiles (Figure 6.4 – 6.6), the DN gels with PAAc as a
first network had lower mass loss in comparison with the DN gels with PNVP as a first
network. It is possible that the thiol-ene polymerization was closer to full version in the
presence of PAAc than PNVP. If so, less unreacted monomers remained in the DN gels
with PAAc than PNVP. The other possible reason can be the presence of interpolymer
interaction via hydrogen bonding between the PAAc and thiol-ene polymer networks.
Zhou et. al. [37], showed the effect of hydrogen bonding on both the kinetics and
mechanical properties of photo-polymerized thiol-ene system by thermal, optical and
physical analysis techniques. They confirmed the presence of hydrogen bonding in the
thiol-ene network with available hydrogen bonding sites by enhancement in the glass
transition, reflective index, and hardness compared to the comparable network without
hydrogen bonding in its structure. In the DN gels with a PAAc network in their
structures, the presence of hydrogen bonds between the carboxylic group (-COOH) of
the PAAc chains and carbonyl (-CO) or ether (-O-) groups in the thiol-ene networks can
be expected. The present of interpolymer hydrogen bonding in the DN gels can hold the
unreacted polymers in the DN gel and decrease the mass loss rate.

6. 5 Conclusion
Thiol-ene polymerization was used as a possible approach to prepare DN gels with a
minimum sensitivity to the presence of oxygen during the polymerization, as well as
having more control on a final structure of the second network. In this manner, the
thiol-vinyl ether or thiol-acrylate with different stoichiometric ratio of thiol to ene
functional groups was polymerized in the presence of the different polymer networks
with the various amount of cross-linking. Mechanical tests were used to study the
formation of the thiol-ene network in the presence of the first network and also
investigate the mechanical properties of the new sets of DN gels. The mass loss profile
of the DN gels was studied.
It was found that thiol-ene polymerization could not proceed with high concentration of
solvent present during network formation or at low pH. Polar aprotic solvents were
more appropriate solvents for the thiol-ene polymerization when the concentration of
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solvent was not more than 80 wt% in the mixture. Further increase in the solvent
concentration increased the primary cycle formation and preventing the network
formation. The best range of thiol-ene polymerization was found to be 5.4 < pH < 7.5
which was with a good agreement with the literature [29].
The mechanical tests confirmed the presence of second network that was formed by
thiol-ene polymerization in the presence of the first network and showed that the thiolene network contributed to the strength of DN gels. The Young‟s modulus and
stress-at-break (σbreak) were studied for the different DN gels with PNVP or PAAc as a
first network and thiol-vinyl ether or thiol-acrylate system as a second network. In
general, the low cross-link first network with thiol-ene network as a second network
showed greater enhancement in the mechanical properties than the highly cross-linked
first network. The 1:4 stoichiometric ratio of thiol to acrylate functional groups showed
higher mechanical properties than the 1:1 stoichiometric ratio of thiol to acrylate
functional groups due to the almost complete conversion of thiol functional groups in
the former one. In the 1:1 stoichiometric ratio materials the unreacted thiol groups
remained in the network structure as a result of homopolymerization as well as step
growth polymerization of acrylate monomers. The unreacted thiol monomers in the
thiol-ene system acted as a network plasticizer and decreased the mechanical properties
of the DN gel. A 1:4 stoichiometric mixture of thiol to acrylate functional groups led to
roughly equivalent conversion of both functional groups and consumption of both
functional groups in the equal rates during the polymerization.
The stress-a-break (σbreak) for DN gels showed a higher value for DN gels with
thiol-acrylate than thiol-vinyl ether as a second network in their structures. The
difference between σbreak in these two groups can be due to the more heterogeneous
structure of thiol-acrylate network than the thiol-vinyl ether network and also its
chemical structure.
In general, the mass loss rate studies for DN gels showed that the thiol-ene networks in
the studied DN gels did not go through degradation of cross-linking. The results in
different DN gels suggested the presence of a more effective cross-linking density in the
thiol-acrylate systems with the 1:4 ratio than 1:1 ratio. The mass loss was lower for all
the DN gels with PAAc as a first network than that for the DN gels with PNVP. These
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results suggested more complete formation of thiol-ene networks in the presence of the
PAAc than the PNVP or a possible interpolymer interaction via hydrogen bonding
between the two networks when the PAAc was used as a first network.
In summary, even thought this work showed successful preparation of the second
network of DN gels by thiol-ene polymerization in the presence of first network the
thiol-ene technique was not as effective as traditional free radical polymerization [6, 9]
to strongly enhance the mechanical properties of single networks in the presence of
second interpenetrated network. Two possible reasons for getting rather weak gel with
this technique can be (1) it did not give enough second network in the first network
structure and (2) just having tight and loose networks was not enough by itself but
rather the tight network should be stretched by the loose network and the loose network
should have sufficient entanglements with the tight network.
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CHAPTER SEVEN
7 CONCLUSION AND RECOMMENDATIONS

7. 1 Conclusion
Interpenetrating polymer networks (IPNs) have been the subject of extensive study
since 1960. They have been examined by researchers looking into the synthesis,
morphology, properties, and application of there materials [1-4]. The IPN systems have
gained significant attention in the last two decades due to their use in biomedical
applications. One of the particular interests is the use of IPN systems with their
enhanced mechanical properties as a potential candidate for the replacement of articular
cartilage and other soft tissues. Double Network (DN) hydrogels are new class of
interpenetrated polymer network that exhibits remarkable strength and toughness [5-7].
The presence of hydrogen bonding in the network structure of a DN hydrogel was
proposed as one of the possible reasons for a significant enhancement in the mechanical
properties of the DN hydrogels [8, 9]. In this work the existence of hydrogen bonding
and its contribution to the mechanical properties of the different DN hydrogels were
studied by varying its amount in the DN gels. The hydrogen bonding interaction was
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varied by using urea to disrupt its formation or by controlling the ionization degree of
polyacid groups through variation of the pH of the media described in chapter 3 and 4,
respectively. The mechanical tests results in both chapters showed a positive effect of
hydrogen bonding on the enhancement of the mechanical properties of DN hydrogels.
Also the effect of inter- and intrapolymer hydrogen bonding was studied more
specifically. It was found that the interpolymer hydrogen bonding within the DN
hydrogels had a direct effect on their strength and toughness, and also the intrapolymer
hydrogen bonding within the second network can have positive effects on their
mechanical properties. The results suggested that the intrapolymer hydrogen bonding
within the second network contributes to the toughness of the DN hydrogels, either by
dissipation of the energy around the crack tip or by transferring the load from the tight
network to the loose network in the damage zone. The characterisation tests on the
mixed polymer solutions based on the different DN gels confirmed the effect of urea
and pH variation on the existence of hydrogen bonding in each system.
To confirm the above understanding of the positive effects of the hydrogen bonding on
the mechanical properties of the DN hydrogels, two DN hydrogels were modified in a
manner predicted to give stronger and more effective interpolymer hydrogen bonding in
chapter 5. The fracture energy increased about a five times as the amount of hydrogen
bonding in the DN hydrogels was increased. The results in this chapter indicated a
considerable effect of the strength of interpolymer interaction between two networks on
the tensile strength of the DN gel. But the amount of inter- or intrapolymer hydrogen
bonds had a larger effect on toughness of the DN gel than the strength of individual
hydrogen bonds. The necking phenomenon was observed for the DN hydrogel with a
strong interpolymer hydrogen bonding under uniaxial elongation.
In chapter 6, thiol-ene polymerization was used as a possible approach to eliminate a
sensitivity of the second network gel polymerization to the presence of oxygen. It was
found that thiol-ene polymerization could not proceed with a high concentration of
solvent present or at a low pH. Polar aprotic solvents were more appropriate than polar
protic solvents. The best range for thiol-ene polymerization was found to be
5.4 < pH < 7.5. Thiol-vinyl ether and thiol-acrylate systems were studied with different
thiol to ene stoichiometric ratios in the presence of different polymer networks. The 1:1
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and 1:4 stoichiometric ratios of thiol to ene functional groups of the thiol-vinyl ether
and thiol-acrylate systems, respectively, showed higher Young‟s moduli and
stress-at-breaks (σbreak) for DN gels than their first single networks. The complete
conversion of thiol functional groups was important to achieve high mechanical
properties for DN gels with thiol-ene networks. Even though the second network of DN
gels was successfully prepared in the presence of PNVP and PAAc networks by
thiol-ene polymerization, the technique was not as effective as traditional free radical
polymerization which mainly has been used to prepare DN gels. This result may be
related to not having enough thiol-ene second networks in the first network or the need
for stretching the first network by the second loose network and having sufficient
entanglement between the second and first networks to get DN gels with high
mechanical properties. The mass loss studies showed that thiol-ene DN gels did degrade
significant during 30 days. The results also suggested lower mass loss for all the DN
gels that were prepared with PAAc as a first network than the PNVP. This can be
because of complete formation of the thiol-ene network in the presence of PAAc or the
possible hydrogen bonding interaction between the two networks. In general, the mass
loss profile was less than a 1 % for almost all the DN gels during 30 days storage.

7. 2 Recommendation for future work
The above understanding about the effect of hydrogen bonds on the mechanical
properties of DN gels can give some more insight into the toughening mechanism of
these materials. This information can be used in future to design DN gels with more
controllable mechanical properties. It is also possible to design DN gels for specific
applications based on the environment and the conditions that the gels are intended for.
Based on the information obtained from using the thiol-ene reaction for the preparation
of DN gels, there are possible future investigations that can be pursued. Firstly, the
polymerization techniques can be different from the ones described in chapter 6. The
thiol-ene reaction for the second polymerization step of DN gels conducted under
photo-chemically induced radical conditions. It may however give better results if it
proceeded via a catalytic process mediated by base, described as a thiol-Michael or
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conjugate addition reaction. Perhaps a new synthetic method should be investigated
which involved external stimuli, such as UV irradiation to trigger the reaction for the
synthesis of the DN gels, when the monomers and a base catalyst are present. Secondly,
the thiol-ene DN gels with PAAc as a first network in their structures can be modified
(see chapter 6). It is possible to assume PAAc as a loose network and thiol-ene network
as a tight network. The PAAc loose network can be swollen and stretched, for example
by neutralization after DN gel formation. Hence, the tight thiol-ene network will stretch
accordingly and a sufficient entanglement between two networks can be obtained.
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